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1 Introduction 

1.1 Pulmonary hypertension 

1.1.1 Definition 

Pulmonary hypertension (PH) can be hemodynamically defined as a 

condition where the mean pulmonary arterial pressure (mPAP) 

measured through the right heart catheterization (RHC) is ≥25 mmHg 

in supine posit ion, which does not exceed 20 mmHg in healthy 

individuals. It is important to note that an elevated value of mPAP 

alone is not enough to fully characterize the clinical condition, since 

increased PAP can be associated with various issues such a 

pulmonary vascular disease (PVD), increased cardiac output (CO) 

and elevated pulmonary arterial wedge pressure (PAWP)  (Gérald 

Simonneau et al. 2019). 

During the 6
th

 World Symposium on PH (Nice, France 2018), it has 

been considered to modify the hemodynamic definition of PH. Based 

on data from normal subjects the normal mPAP is 143.3 mmHg, and 

a definit ion of the upper l imit of normal by the mean plus two 

standard deviations would lead to a value of >20 mmHg, indicating an 

abnormal mPAP.  In the context of  pulmonary vascular disease and 

pulmonary arterial hypertension (PAH),  it has been proposed to add 

pulmonary vascular resistance (PVR) into the definition of  pre-

capillary PH (Galiè et al. 2019) . The updated ESC/ERS guidelines for 

the management of pulmonary hypertension have now modif ied the 

hemodynamic definit ions of PH, considering an mPAP >20 mmHg to 

define PH, and a PVR >2 Wood units  (WU) to define pre-capil lary PH 

(Humbert et al. 2022).   
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1.1.1.1  Pre-capillary and Post-capillary PH 

PH can be either pre-capillary or post-capillary. In pre-capillary PH, 

increased pulmonary vascular resistance (PVR) is observed owing to 

pulmonary vascular remodeling. In post-capil lary PH an elevated 

pulmonary venous pressure is observed along with left heart 

diseases. The two forms of PH can be differentiated by measuring 

PAWP or the left ventr icular end-diastolic pressure (LVEDP). If the 

measured values are elevated >15 mmHg, it is post-capil lary PH or a 

combined post- and pre-capil lary PH condit ion. Thus, accurate 

measurement of PAWP and LVEDP is essential to avoid misdiagnosis 

and misclassification (Naeije and Chin 2019) . An elevated PVR >2 

WU, an mPAP 20mmHg and a normal PAWP 15mmHg define pre-

capillary PH (Humbert et al. 2022). Thus, the cut-off of the PVR value 

plays an important role in distinguishing the type of PH. The formula 

to calculate PVR (PVR=[mPAP-PAWP]/CO) underscores that accurate 

PAWP measurement is essential to calculate the correct PVR (Gérald 

Simonneau et al. 2019). 

The expanded definition of PH has made it even  more crucial to 

determine accurate hemodynamic evaluation since it  is the most 

crit ical component that helps assign a proper diagnosis. PAWP is the 

sole parameter which distinguishes between pre-capillary PH and PH 

associated with left heart disease. It also helps determine PVR, 

which can also determine combined post- and pre-capillary PH from 

isolated post-capil lary PH (Viray et al. 2020, Humbert et al. 2022). 

Right heart catheterization (RHC) is considered the gold standard for 

PH diagnosis. RHC is used to invasively measure cardiopulmonary 

hemodynamics including PAWP. Optimum standardization of RHC is 

crucial owing to its pivotal role in PH identif ication (Rosenkranz and 

Preston 2015; Humbert et al. 2022). 
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1.1.2 PH Classification  

At first, PH was classified into two main sub types known as “primary 

pulmonary hypertension” and “secondary pulmonary hypertension”. 

This classif ication was based on the knowledge of causes and r isk 

factors. If  the cause of disease was not known and PH occurred 

without a detectable condition, i t was termed as “Primary pulmonary 

hypertension”; in case a cause for PH was identif ied in another organ 

system, it was termed as “secondary pulmonary hypertension” 

(Hypertension, Hatano, and Strasser 1975)  (Bhatnagar et al. 2018). 

An expanded categorization of PH was then created on the basis of 

similar cl inical features and pathogenesis in 1998 at the second 

World Symposium on PH in Evian, France. This categorization 

ensured that patients could be classified into homogenous groups 

with regards to underlying pathophysiology, symptoms and treatment 

approach (Fishman 2001). 

Pulmonary arterial hypertension (PAH) encompasses a subpopulation 

of PH defined by the presence of pre-capillary PH (Hoeper et al. 

2013). PAH is a rare condition affecting the small and medium sized 

pulmonary arteries resulting in elevated PAP and PVR (Rabinovitch 

et al. 2014). In patients suffering from PAH the blood pressure in 

small arteries present in the lungs becomes abnormally high, thus 

causing hindrance in the passage of blood from heart to the lungs . 

The thickening of vessel walls and narrowing of vascular lumina 

causes elevated pressure, and thus the r ight heart has to work 

harder to pump blood into the lung to ensure oxygen enrichment and 

maintenance of the systemic circulation. This chronic pressure 

overload of right heart can lead to weakening and enlargement of 

heart muscle, and ult imately r ight heart failure (Zeller et al. 2012). I f  

left untreated, this condition is associated with  high mortal ity (Rubin 

1997), (Gerald Simonneau et al. 2014) , (M Humbert et al. 2004) . In 

addition to PAH, other forms of pulmonary hypertension ( PH) can 
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occur secondary to other disorders such as left heart fai lure or lung 

disease, which also has substantial impact on patient’s li fe 

expectancy (Rosenkranz 2015). 

During the 6
t h

 World Symposium on PH (Nice, France 2018) it was 

decided that the main scheme of classification of PH which was 

established and updated during the 4
th

 and 5
th

 World Symposia on PH 

and subdivides PH into f ive main groups, wil l be maintained. 

Modif ications were made by updating which factors are put under 

which particular group . These are tabulated below as adapted from 

(Gérald Simonneau et al. 2019) . 
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Table 1.1: 6th World Symposium on pulmonary hypertension: Clinical 

classification of PH 

PH disease groups Classification of PH groups 

1.  Pulmonary arterial hypertension (PAH) 1.1 Idiopathic  

1.2 Heritable 

1.3 Caused by drugs and toxins 

1.4 Associated with: 

1.4.1 connective tissue disease 

1.4.2 HIV infection 

1.4.3 Portal PH 

1.4.4 Congenital Heart Disease 

1.4.5 Schistosomiasis 

1.5 PAH due to long term responders to 
Calcium channel blockers 

1.6 PAH with apparent features of 
venous/capillaries involvement 

1.7  Persistent pulmonary hypertension of the 
newborn (PPHN) 

2. PH due to left heart disease 2.1 Systolic dysfunction 

2.2 Diastolic dysfunction 

2.3 Valvular disease 

2.4 Congenital cardiovascular conditions due 
to post-capillary PH 

3. PH due to lung diseases and/or hypoxia 3.1 Chronic obstructive pulmonary disease 

3.2 Restrictive lung disease 

3.3 Other pulmonary diseases 

3.4 Developmental lung abnormalities 

3.5 Hypoxia without lung disease  

4. PH due to pulmonary artery obstruction 4.1 Chronic thromboembolic PH 

4.2 due to other pulmonary artery 
obstructions 

5. PH with unclear and/or multifactor causes 5.1 Hematological disorders 

5.2 Complex congenital heart disease 

5.3 Systemic and metabolic disorders 

5.4 Others: tumoral obstruction, 

fibrosing mediastinitis, chronic renal failure 
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1.1.3 Epidemiology 

PAH affects 1-2 people per mil l ion per year in USA and Europe , thus 

it is considered to be one of the orphan diseases (McGoon et al. 

2013). According to the earliest available PAH registries conducted at 

national level in USA, 187 patients were identified and followed for 5 

years. This study helped characterize the disease and showed a 

median survival of 2.8 years (D’Alonzo et al. 1991). In the early era, 

PAH was primarily diagnosed in relatively young adults (part icularly 

women), whereas according to more recent registry data, elderly 

patients aged between 50±14 – 65±15 are the most frequent patient 

group diagnosed with PAH (Rosenkranz 2015). A gender difference 

has also been observed in clinical studies focused on PAH patients 

where women are more likely to suffer from the disease (Örem 2017). 

In very early studies and registries, a female to male ratio of 4:1 , and 

more recently of 2:1,  has been documented (Örem 2017) 

(Wagenvoort 1970). 

Data acquired from patients with idiopathic (IPAH), hereditary (HPAH) 

or anorexigen-induced PAH have provided valuable insight into the 

survival rates. In one study, a total of 354 patients (56 incident and 

298 prevalent) were followed for three years and in these cases a 

better survival rate was observed as compared to earl ier reports  

(Humbert et al. 2010).  Data from the REVEAL registry showed an 

increased survival time of up to five years in almost 60% of IPAH  

patients (Murali and Benza 2012). 

A risk stratif ication strategy (a process which comprises of assigning 

a particular risk status to a patient and providing effec tive care 

according to this status to ensure better health improvement and 

cure) was proposed by the 2015 European pulmonary hypertension 

guidelines (Galiè et al. 2016). The risk groups were termed as low, 

intermediate or high r isk, owing to the estimated annual mortal ity 

rate. This r isk assessment strategy was subsequently validated in 
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large registries. Data from COMPERA (Comparative, Prospective 

Registry of Newly Init iated Therapies for Pulmonary Hypertension), a 

European-based PH registry,  revealed signif icantly varying mortal ity 

rates among the three r isk groups, with low risk group having the 

lowest mortal ity rate of 2.8%, and the high r isk group the highest 

mortal ity rate of 21.2% (Hoeper et al. 2017) . Another registry study 

revealed that survival rates remained similar for patients who stayed 

or improved to the low risk group and was worsened for patients who 

stayed or had disease propagated to the intermediate or high risk 

group. A fol low-up study also showed reduced mortal ity among the 

low risk group patients as compared to the other two risk groups 

(Kylhammar et al. 2018).  

Together, these data show that overall there has been an 

improvement in techniques and prognostic measures, which help 

predict survival and improve patient management. Despite these 

improvements, an advanced understanding of the disease and 

development of further therapeutic approaches is warranted as 

mortal ity remains unacceptably high (Pullamsetti  et al. 2014).  

According to the ASPIRE registry where the disease progression and 

outcome were studied across the spectrum of the f ive PH groups, the 

three year survival rate was observed to be lower for PAH as 

compared to group 2 and group 4 PH (see table 1.1), further 

emphasising the need for better diagnosis and treatment of PAH 

(Hurdman et al. 2012). The convincing data from mult iple registry 

studies implying the risk stratif ication strategy shows the importance 

of a comprehensive r isk assessment system which would aim at 

reaching the low risk profile for PH patients (Kylhammar et al. 2018) . 

Nevertheless, the risk stratif ication strategy sti l l awaits a thorough 

authorization as a prevalent prognosis tool (Hoeper et al. 2017). 
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1.1.4 Pathophysiology of PH 

Since its inceptive interpretation, comprehending PH has been met 

with challenges owing to its multiple and varying causes, along with a 

poor prognosis. In the last two decades, the understanding of the 

molecular and genetic basis of PH has substantially improved, 

describing how cells in the pulmonary vasculature along with mult iple 

secreted factors contribute to onset and development of the disease 

(de Jesus Perez 2016). PAH is nowadays recognized as a multi -

factorial disease, where the pathobiology involves a genetic 

predisposit ion combined with external trigger factors (Galiè et al. 

2019). The vascular changes are driven by abnormal 

vasoconstr ict ion, and by remodeling of the vascular wall ( thickening 

of vessel wall and narrowing of vascular lumina), causing elevations 

of pressure and resistance, and limit ing blood flow. Figure 1.1 

depicts this, graphically showing narrowed vessel lumen, a leading 

cause of elevated pressure.   

 

 

Figure 1.1: Schematic diagram showing the cross section of normal versus pulmonary 

hypertension affected arteriole (Gordeuk, Castro, and Machado 2016)  
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Recent insight into the inflammatory profile of PH has shed light on 

the function of a number of immune and inflammatory cells in the 

development of the disease (Huertas et al. 2014). Increased 

expression of various chemokines and immunomarkers  – leading to 

an overall inf lammatory state – contr ibute to worsening of disease, as 

they promote proliferation of the cells forming the vascula r wall  

(Rabinovitch et al. 2014) ; (Huertas et al. 2014). PAH patients show 

elevated plasma concentrations of inflammatory cytokines including 

IL-1β, MCP-1, IL-6 (Kherbeck et al. 2013) and TNF-α (Schlosser et 

al. 2017). Several cytokines affect and control cellular actions l ike 

proliferation and migration thus taking active part in disease 

progression. Among these cytokines, IL-6 acts as a causative agent 

in PH development in mouse model (Golembeski et al. 2005) . 

Overexpression of IL-6 leads to spontaneous PAH development in 

mice, whereas absence of IL-6 was found to be protective against 

disease development (Steiner et al. 2009). Pulmonary smooth muscle 

cells (SMCs) produce IL-6 when exposed to chronic hypoxia and IL-6 

also induces proli feration and migration of these cells thus 

contr ibuting to advancing PH (Maston et al. 2017). Moreover, patients 

with PH showed higher expression of lung IL-6 and other cytokines, 

along with elevated serum levels of cytokines (Steiner et al. 2009). 

Elevated circulating levels of SDF-1 (stromal derived factor-1) along 

with MCP-1 and granulocyte-monocyte colony stimulating factor (GM-

CSF) have also been observed in IPAH patients (Rabinovitch 2012). 

Human airway SMC proliferation which is causative of chronic lung 

diseases has been attr ibuted to TNF-α and cross-talk with ET-1 

(Knobloch et al. 2016), showing that elevated inflammation causes 

cellular actions which are known to cause PH progression. Along with 

SMCs, endothelial cell  (EC) proliferation is also init iated by a number 

of factors including stress signall ing, inf lammation, and hypoxic 

conditions. Together, these factors can lead to accumulation and  

recruitment of various circulating immune  cells into the vasculature , 
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thus perpetuating disease progression (Montani et al. 2013)  

Rabinovitch et al. 2014) .  

In this context, macrophages permeating the pulmonary arterioles 

appear to play a key role. In experimental PH, a r ise in perivascular 

macrophage cell count  is required to advance disease development 

and progression, and perivascular macrophages are found in lung 

tissue of IPAH patients (Rabinovitch 2012) .  The role of macrophages 

in the immune system to fight off pathogens and their role in 

regeneration procedures makes these a considerable candidate while 

looking into vascular inflammation and cardiac dysfunction in PH 

(Frid et al. 2006) .  There is evidence pointing towards a vital role of 

monocytes/CD68+ macrophage recruitment in mouse lungs of 

hypoxia induced PH, and that macrophages promote SMC 

proliferation and  vascular remodell ing (Vergadi et al. 2011). Another 

inf lammatory marker, ET-1 (Endothelin-1), is known to contribute to 

monocytes stimulation as well, leading to  production of cytokines  

such as IL-1β, IL-6, and TNF-α (McMil len and Sumpio 1995). ET-1 is 

involved in endothelial dysfunction and  vascular remodelling, and 

elevated ET-1 plasma levels have been observed in human and 

experimental PH  (Schiffrin 1995)(Amiri et al. 2004)   

Taken together, dysregulated immunity appears to play a pivotal role 

in the pathobiology of PAH, but better understanding of the 

inflammatory profiles and their role in progression of PAH is 

warranted (Rabinovitch et al. 2014). 
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1.2 Six transmembrane protein of prostate 2 (Stamp2)  

1.2.1 Structure and function  

Stamp2 was cloned after analysis of differentially expressed proteins 

in early prostate cancer (Korkmaz et al. 2000). I t carries a high 

sequence similarity to Stamp1 (Kemal S Korkmaz et al. 2002) . Gene 

sequencing revealed it consists of f ive exons and four introns similar 

to Stamp1. Considering the sequence similarity along with 

intracellular distribution of Stamp1, it was named Stamp2. The gene 

size of Stamp2 is almost 26 Kb which is mostly covered by a large 

introns 1 which is 22516 bp long, while the mRNA transcript amounts 

to 4Kb. Stamp2 has 495 amino acids and the six transmembrane 

domains of Stamp2 l ie close to the C-terminus, and three conserved 

motifs are found in the N-terminus (Korkmaz et al. 2005). The 

structure is shown in Figure 1.2. The first conserved motif is a 

dinucleotide binding domain, the second is an NADP oxidoreductase 

motif  which is F420 co-enzyme dependent similar to the 

F420H2:NADP+ oxidoreductase known to be present in 

archeabacteria (Warkentin et al. 2001) and the third motif resembles 

pyrrol ine 5-carboxylate reductase, an enzyme which is known to be 

involved in amino acid transport and metabolism  (Phang 1985). 

Stamp2 is also referred to as Steap4 (Ohgami et al. 2006). 

1.2.2 Tissue-specific expression and cellular localization of Stamp2 

The t issue-specif ic expression of Stamp2 has been assessed by 

northern analysis in various human tissues and its highest expression 

was found in placenta,  lung,  heart and prostate with relatively low 

expression in liver, skeletal muscle,  pancreas,  testis and small 

intestine. Almost no expression was detected in brain ,  kidney, 

spleen, and colon (Korkmaz et al. 2005) . Quantitative real-t ime PCR 

evaluation of Stamp2 expression in various human tissues showed 
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highest expression in bone marrow followed by placenta and fetal 

l iver t issue (Ohgami et al. 2006) . In situ expression analysis was 

used to assess murine Stamp2 expression which showed it is 

ubiquitously expressed at lower levels, and highest expression was 

found in adipose t issue (Ohgami et al. 2006) .  

Evaluation of the intracellular localization of Stamp2 revealed a 

strong distr ibut ion in plasma membrane, vesiculotubular structures 

and the Golgi complex. The intracellular localization near the nucleus 

and in the peripheral membrane suggests a role in molecular 

transportation and traff icking, and involvement in secretory pathways 

and endocytosis (Korkmaz et al. 2005) .  

 

 

 

Figure 1.2: Schematic representation of Stamp2 protein structure 

Stamp2 is a s ix transmembrane prote in and the N -terminal  conta ins three 
conserved mot ifs  (Yoo, Cheong,  and Kim 2014) .  

  



Introduction 
 

14 
 

1.3 Stamp2 and related pathophysiolgy  

1.3.1 Role of Stamp2 in metabolic diseases  

Stamp2 has been associated with a regulatory role in insulin 

sensit ivity, obesity, prostate cancer development, inf lammation, 

atherosclerosis and metabolic syndrome (ten Freyhaus et al. 2012) , 

(Hye Y Kim et al. 2015), (Moreno-Navarrete et al. 2011), (Nanfang et 

al. 2010). Nutrient overload and obesity leads to various metabolic 

disorders including type2 diabetes, cardiovascular diseases and 

insulin resistance. Obesity is a known pro-inflammatory disease 

which leads to production of excessive cytokines, adipokines and 

expression of the macrophage specific cell surface antigen CD68 in 

adipose tissue (Wellen et al. 2007), (Catalan et al. 2013). 

Visceral white adipose t issue (VWAT) is regarded as the most 

apposite site for metabolic pathogenesis and thus,  is a major player 

in development of insulin resistance .  The presence of an  

inf lammatory profile along with angiogenesis aggravate s the 

development of insulin resistance, which is in turn related to higher 

risk of cardiovascular  diseases and general obesity (Wellen et al. 

2007) (Preis et al. 2010) . Stamp2 expression was enhanced in fed 

lean mice as compared to fasted mice, whereas in obese mice this 

nutrit ion-based Stamp2 regulation was completely lost. Thus, both 

inflammatory and nutrit ional signals impact Stamp2 expression 

(Wellen et al. 2007). 

Lack of differentiation capacity in adipocytes leads to enhanced 

inflammation and adipose t issue dysfunction along with fat 

deposit ion. During adipocyte differentiation, Stamp2 is highly 

expressed, which further increases dramatically as differentiation 

proceeds (Patel and Abate 2013). Stamp2 knockdown in 3T3-L1 cells 

lead to reduced adipogenic differentiation along with reduced 
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expression of adipogenic markers  whereas lack of Stamp2 and 

impaired adipogenic differentiation lead to increased adipogenic 

inf lammation, suggest ing a significant role of Stamp2 in adipogenesis 

and inflammatory control (Jorgen Sikkeland and Saatcioglu 2013). In 

humans, Stamp2 expression significantly decreases in visceral 

adipose tissue during preadipocyte differentiation of obese subjects 

suffering from type 2 diabetes as compared to lean subjects where a 

signif icant increase in Stamp2 expression was observed during 

differentiation (Moreno-Navarrete et al. 2011) .  

Marked reduction in hepatic Stamp2 expression has been reported in 

high fat diet (HFD)-fed mice along with obesity and dyslipidemia , and 

knockdown of Stamp2 led to heightened hepatic l ipid accumulation .  

Highly reduced hepatic Stamp2 expression was also observed  in 

patients suffering from non-alcoholic fatty l iver disease (NAFLD) (Kim 

et al. 2012). Furthermore, Stamp2 deficiency in mice led to 

augmented inflammation characterized by higher expression of IL -6, 

MCP-1 and TNF-α in the adipose t issue along with the development 

of metabolic syndrome marked by insulin resistance, glucose 

intolerance, mild hyperglycaemia and fatty liver disease (Wellen et al. 

2007). Vice versa, overexpression of Stamp2 in a diabetic mouse 

model was shown to numerically decrease a number of metabolic 

indices including body weight, and the levels of insulin, cholesterol , 

and fasting serum glucose (Wang et al. 2014). 

1.3.2 Role of Stamp2 in arthritis  

Stamp2 levels were also highly elevated in joints of mice suffering 

from arthrit is and the expression correlated with the severity of joint 

swell ing (Inoue et al. 2009). Upregulation of Stamp2 was found in 

3T3-L1 cells when induced with IL-1β (Kralisch et al. 2009)  pointing 

towards a protective role of Stamp2 against excessive inflammation . 
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Thus, regulation of Stamp2 in various inflammatory diseases 

suggests a crucial role in regulating inflammation. 

1.3.3 Role of Stamp2 in cardiovascular diseases  

Stamp2 is significantly downregulated in patients suffering from 

metabolic syndrome as compared to healthy subjects (Wang et al. 

2010, Nanfang et al. 2010) . It is well established that metabolic 

diseases such as abdominal obesity, high blood pressure and 

glucose intolerance ( i.e. the metabolic syndrome) affect 

cardiovascular function and increase the r isk of myocardial infarction, 

heart failure, and stroke (Chinali et al. 2004) . Low levels of Stamp2 

associated with the metabolic syndrome along with respective 

augmented inflammation can be causative of impaired heart function  

since Stamp2 deficiency leads to elevated inflammation which is 

known to augment cardiovascular  r isk. CD14+ monocytes were used 

to study the low expression of Stamp2 in metabolic disease patients 

as they have the tendency to act l ike macrophages in atherosclerotic 

plaque. Monocytes imitating macrophages with downregulated 

expression of Stamp2 might also cause overt inflammation and 

worsening of disease (Wang et al. 2010) . 

In addit ion to these inflammation-driven diseases, Stamp2 function 

has been studied in systemic arterial vascular disease, i.e. 

atherosclerosis. Stamp2 was found in atherosclerotic plaques in mice 

and humans, and absence of Stamp2 led to accelerated 

atherogenesis. Stamp2, highly expressed in macrophages, was co-

expressed with macrophage markers in atherosclerotic plaques 

supporting its role in disease development . Moreover, Stamp2 

deficiency in atherosclerosis-prone ApoE
- / -

 mice led to larger 

atherosclerotic lesions and augmented inflammation within the 

lesions. In l ine,  higher mRNA expression of IL-6, MCP-1, TNF-α and 

I-1β was observed in primary macrophages from Stamp2-deficient 
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ApoE
- / -

 mice as compared to WT control leading to the conclusion 

that Stamp2 absence augments the degree of inflammatory 

atherosclerosis (ten Freyhaus et al. 2012). 

Endogenous expression of Stamp2 is also signif icantly reduced in 

atherosclerotic aorta of diabetic mice . Overexpression of Stamp2 led 

to reduced macrophage apoptosis in brachiocephalic artery of 

diabetic mice, antagonizing  atherogenesis,  and stabilizing 

atherosclerotic plaques thus preventing spontaneous plaque rupture 

(Wang et al. 2014) 

1.4 Stamp2 and inflammation regulation 

Several studies have investigated how Stamp2 may regulate the 

inflammatory mil ieu. Stamp2 overexpression was shown to reduce 

insulin resistance, stabil ize atherosclerotic plaques, decrease 

macrophage infiltration in adipose t issues and lower the expression 

of pro-inflammatory cytokines by regulating p-Akt protein expression 

and affecting macrophage polarization (Wang et al. 2014, Han et al. 

2013). Other studies showed that Stamp2 overexpression attenuated 

atherosclerosis in diabetic mice (Chuang et al. 2015),  and prevented 

angiogenesis in adipose tissue along with improving metabolic 

indices and insulin resistance in diabetic m ice (Wang et al. 2017).  

The consideration of the multiple inflammatory actions regulated by 

the presence or absence of Stamp2 and how disease progression is 

altered by Stamp2 expression leads to defining Stamp2 as an anti -

inf lammatory protein and supports the hypothesis of a protective role 

against the development of numerous inflammatory condit ions (Yoo et 

al. 2014, Waki and Tontonoz 2007) .  

Although many studies have been conducted regarding the role of 

Stamp2 in metabolic diseases, fewer such studies have focussed on 

cardiovascular diseases, and no data are available on its role in 
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pulmonary vascular disease.  As PH is nowadays recognized as an 

inflammation-related proliferative disease of the small pulmonary 

resistance vessels, more insight and research on a potential role of 

Stamp2 in the pathobiology of PH is warranted. 

1.5 Aims of study 

The pre-established role of Stamp2 in a number of inflammatory 

diseases provides a strong rationale to pursue its role, function and 

involvement in other cardiovascular diseases such as  PAH. The prior 

knowledge regarding the development and progression of PAH shows 

the disease is accompanied and preceded by inflammation (Kherbeck 

et al. 2013), and the role of Stamp2 in in flammation regulation has 

been established, particularly counter -balancing elevated 

inflammation (Wellen et al. 2007). 

In the l ight of afore mentioned scientif ic evidence and pre-

established role of Stamp2 in a number of inflammatory diseases , the 

main aim of our study was to investigate the potential role of Stamp2 

in the development and progression of pulmonary hypertension.  

We hypothesized that lack of Stamp2 in the mouse model of hypoxia -

induced PH would augment the degree of pulmonary vascular 

remodeling and PH. The specif ic aims pursued during the course of 

this research work are as fol lows: 

1. To Study the regulation of Stamp2 in experimental and human 

PH 

2. To study the regulation of inf lammatory cytokines  in the 

absence of Stamp2 

3. To evaluate the inter-cellular crosstalk between cell types 

related to vascular remodeling  
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4. To identify the molecular candidate/s regulating the potenti al 

cellular and inflammatory alterations in the  pulmonary 

vasculature post Stamp2 deficiency induced PH 
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2 Laboratory Materials  

2.1 Animal models for studying PH 

2.1.1  Stamp2 knock out mouse model  

Stamp2 knock-out (KO) mice were originally created at Deltagen Inc. 

by gene targeting into the embryonic stem cells (ES cells); these ES 

cells were derived from 129/OlaHsd mice. The ES cells were then 

injected into C57BL/6 blastocysts. Two heterozygous breeding pairs 

were acquired by Prof. Gökhan S. Hotamisligi l (Sabri Ülker Center, 

Department of Molecular Metabolism and Broad Institute of Harvard -

MIT and Harvard T.H. Chan School of Public Health, Boston, US) and 

were used to generate the homozygous Stamp2-KO mice after 

successive breeding. For our project Prof. Gökhan S. Hotamisligil  

kindly provided us with a Stamp2-KO breeding pair which was then 

further bred and maintained at the animal facil ity of the Center for 

Molecular Medicine Cologne (CMMC), Cologne, Germany. Male 

Stamp2-KO mice aged 8-14 weeks were used for experiments.  

2.1.2  Wild type (WT) mouse model  

C57BL/6 mice were used as wild type controls. This genotype acted 

as control against the genetically modif ied animal model of Stamp2 -

KO. Male C57BL/6 mice aged 8-14 weeks were used for experiments.  

2.1.3  Sugen/hypoxia (SuHx) rat model  

8 weeks-old male Sprague Dawley rats were injected with SU5416 

(20 mg/kg in DMSO) subcutaneously and were exposed to hypoxia 

(10% oxygen) for 21 days and then kept under normoxia for 14 days. 

SU5416 is a vascular endothelial growth factor antagonist which 

along with hypoxia leads to development of PH. 
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The handling of al l animal models was performed in accordance with 

the German laws for Animal Protection and was str i ct ly according to 

the guidelines provided by the Directive 2010/63/EU of the European 

Parliament. These guidelines were ratif ied by the local animal care 

and handling committee and district government of Cologne.  

2.2 Human disease tissue 

The lung tissue biopsies were obtained from IPAH patients 

undergoing lung transplantation and from non-transplanted donor 

lungs. Human lung tissues were used to investigate human PAH and 

were used for lung sections preparation, protein extraction and 

mRNA extraction. The human lung tissues were obtained from the 

Excellence Cluster Cardio-Pulmonary system (ECCPS), Gießen, 

Germany. The human tissue donation and experimentation was 

carried out according to the national law and in accordance with the 

principles of Helsinki. Consent and permission was acquired prior to 

obtaining the tissue samples. 

2.3 Cells, tissues and respective growth media 

In order to perform the in vitro studies mouse cells and t issues were 

obtained from Stamp2-KO and WT mice. All the cells and tissues 

from the animal model were used in accordance to the German Laws 

for Animal Protection.  

The human cells were bought from Lonza Group Ltd.  Following is a 

list of the cells, tissues and cell culture mediums used. 

 

 

 

 

https://www.eccps.de/contact/
https://www.eccps.de/contact/
https://www.eccps.de/contact/
https://www.eccps.de/contact/
https://www.eccps.de/contact/
https://www.eccps.de/contact/
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Table 2.1: List of cells, tissues and growth media 

S/N Name  Origin 

1.  
RPMI 1640 (medium for macrophages) thermo Fisher scientific 

2.  DMEM High glucose (4,5g/l) with L-Glutamine 

(medium for Endothelial cells) 

PAA Laboratories GmbH, Pasching, 

Austria 

3.  
Smooth Muscle cell Basal Medium (SmBM) 

Lonza Group Ltd., Basel, 

Switzerland 

 

4.  
Smooth Muscle cell Growth Medium (SmGM) 

Lonza Group Ltd., Basel, 

Switzerland 

 

5.  mPASMCs  (murine pulmonary arterial 

smooth muscle cells) 

Isolated from murine pulmonary 

arteries 

6.  
Peritoneal murine macrophages 

Extracted from Stamp2 KO and WT 

mice 

7.  Mouse lung sections from Stamp2-KO and 

WT mice  

The lung tissues were harvested 

from mice subjected to hypoxia and 

normoxia conditions 

8.  
SuHx rat lung sections 

The lung tissues were harvested 

from the rats subjected to sugen 

hypoxia and normoxia conditions 

9.  Human Lung tissue samples  

(PAH and healthy donors) 

Prof. Schermuly, Excellence Cluster 

Cardio-Pulmonary System 

(ECCPS), Gießen, Germany 

 

10.  Human PASMCs  

 

Lonza Group Ltd., Basel, 

Switzerland 

11.  

HMVECs 

(Human microvascular 

endothelial cells) 

Lonza Group Ltd., Basel, 

Switzerland 

 

  

https://www.eccps.de/contact/
https://www.eccps.de/contact/
https://www.eccps.de/contact/
https://www.eccps.de/contact/
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2.4 Laboratory Equipment and instruments  

Following is a l ist of various instruments and equipment used for 

conducting experiments.   

Table 2.2: List of laboratory equipments 

S/N Name Description  Origin 

1.  
Blotting chamber 

TransBlot® SemiDry Transfer 
Cell 

BioRad Laboratries, 

USA 

2.  
Centrifuge 

Centrifuge 5810, 5415D, 
Eppendorf  

Hamburg, Germany 

3.  
Thermomixer Eppendorf  Comfort 1,5 ml  Hamburg, Germany 

4.  
Eppendorf Pipettes 0,5-10μl, 10-100μl, 100-1000μl Hamburg, Germany 

5.  
Curix 60 AGFA-Gevaert N.V Mortsel, Belgium 

6.  
PowerLab 4/35 Data acquisition hardware 

ADinstruments, 
Australia 

7.  
ELISA-Reader 

PowerWave340 Bio-TEK 
Instruments 

Winooski, USA 

8.  
Fastblot B 44 Biometra GmbH Göttingen, Germany 

9.  
Minigel Twin Gel Electrophoresis Apparatus Göttingen, Germany 

10.  
iCycler Thermocycler BioRad Laboratories USA 

11.  
Incubator CO2 Incubator MCO-20AIC Sanyo, Japan 

12.  Isoflurane 
Evaporator 

Vapor 19.3 Dräger 

Medizintechnik 
Lübeck, Germany 

13.  
Laminar flow 

Biowizard Golden Line GL 103 
Class II 

Vilppula, Finland 

14.  
Light Cycler 480 II Roche Applied Science Mannheim, Germany 
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15.  
Magnetic stir bar Digital Hotplate Stirrer HTS 2013 Brigachtal, Germany 

16.  
Hemostats Fine Science Tools Heidelberg, Germany 

17.  
Microscope Mikroskop CKX41 Olympus Japan 

18.  
Mice heating plate Föhr Medical Instruments GmbH Seeheim, Germany 

19.  Millar Pressure 
Catheter 

1,0 F SPR-1000 Föhr Medical 

Inst. 
Seeheim, Germany 

20.  Millar Pressure 
Catheter 

2,0 F SPR-320NR Föhr Medical 

Inst. 
Seeheim, Germany 

21.  Millar Pressure 
Catheter 

Amplifier Patient Isolation PCU-
2000 

Seeheim, Germany 

22.  
Temperature control Module for heating plate Seeheim, Germany 

23.  
Spectrophotometer NanoDrop TM ND 1000 ThermoFisher, USA 

24.  
PCR system Step one plus Real-time California, USA 

25.  
Tissue-homogeniser PotterS Biotech International USA 

26.  
Tissue Processor ASP300S Leica Microsystems Wetzlar, Germany 

27.  
Vortex mixer VTX 3000 L LMS Consult Tokyo, Japan 

28.  
Water bath Memmert GmbH & Co. KG Schwabach, Germany 

29.  
Transfer device  

Western blot Trans-Blot SD Semi 
Dry 

Germany 

30.  Accuracy weighing 
scale  

R200D Sartorius AG Göttingen, Germany 

31.  
BioDoc  

Analyze Darkho Analytik Jena 
AG  

Jena, Germany 
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2.5 Laboratory Chemicals and solutions 

A number of chemicals and reagents were used to perform the 

various experiments. These included general chemicals, enzymes, 

antibodies and buffers along with chemical kits. These are tabulated 

below in separate tables. 

2.5.1  General chemicals  

Table  2.1: List of laboratory chemicals 

S/N Name  Origin Description 

1.  Acetic acid Merck-Schuchardt, Hohenbrunn, Germany 

2.  Sodium fluoride Merck KGaA, Darmstadt, Germany 

3.  Hydrogen Peroxide Merck, Darmstadt, Germany 

4.  Magnesium chloride Merck, Darmstadt, Germany 

5.  Bradford-Reagent Bio-Rad Laboratories GmbH 

6.  Oxgen (O2) Linde AG, Munich, Germany 

7.  Nitrogen (N2) Linde AG, Munich, Germany 

8.  Methyl green (H-3402) 
Vector 

Linaris Biologische Produkte, Wertheim, Germany 

9.  Acrylamide Carl Roth GmbH & Co. Karlsruhe, Germany 

10.  Hydrochloric Acid (HCl) Merck, Darmstadt, Germany 

11.  Rotiphorese® Gel 30 
(37.5/1) (Acrylamide/Bis-
acrylamid 30%) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 
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12.  Ethanol   Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

13.  Isopropanol  Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

14.  Methanol 99%  Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

15.  Xylole Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

16.  6-aminohexanoic acid Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

17.  Aprotinine Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

18.  β-mercaptoethanol Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

19.  BSA > 96 % (Bovine 
serum albumin) 

Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

20.  Chloroform Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

21.  DMSO (Dimethyl 
sulfoxid) 

Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

22.  Ethidiumbromide Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

23.  HEPES Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

24.  Insulin solution, human Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

25.  (Phenylmethylsulphonylfl
uoride) 

Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

26.  Collagenase Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

27.  Penicillin/streptomycin,In
vitrogen 

Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

28.  Potassium Chloride Sigma-Aldrich Chemie GmbH, Steinheim, Germany 
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29.  Sodium Orthovanadate 
(Na3VO4) 

Sigma-Aldrich Chemie GmbH, Steinheim, Germany  

30.  TWEEN 20® Fermentas GmbH, St. Leon-Rot, Germany 

31.  Tripsin Inhibitor Santa Cruz Biotechnologies, Dallas, USA 

32.  Weigert`s Iron 
Hematoxylin A &B 

Life Technologies GmbH, Darmstadt, Germany 

33.  TEMED (N,N,N',N'-Tetra- 

methylethylenediamine) 

BiozymScientific GmbH, Oldendorf, Germany 

34.  Weigert`s Iron 
Hematoxylin A & B 

AppliChem GmbH, Darmstadt, Germany 

35.  Sodium orthovanadate 
(Na3VO4) 

AppliChem GmbH, Darmstadt, Germany 

36.  dNTPs (Desoxy-
Ribonucleotid-
Triphosphate) 

AppliChem GmbH, Darmstadt, Germany 

37.  Formalin 4% in PBS AppliChem GmbH, Darmstadt, Germany 

38.  Fetal calf serum Gibco  AppliChem GmbH, Darmstadt, Germany 

39.  Agarose Biozym LE AppliChem GmbH, Darmstadt, Germany 

40.  APS (Ammonium-
persulfate) 

AppliChem GmbH, Darmstadt, Germany 

41.  Bromophenol blue AppliChem GmbH, Darmstadt, Germany 

42.  DTT (Dithiothreitol) AppliChem GmbH, Darmstadt, Germany 

43.  EDTA  
(Ethylenediaminetetraac
etic acid) 

AppliChem GmbH, Darmstadt, Germany 

44.  Sodium chloride AppliChem GmbH, Darmstadt, Germany 

45.  Glycine AppliChem GmbH, Darmstadt, Germany 
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46.  Glycerol AppliChem GmbH, Darmstadt, Germany 

47.  Tris AppliChem GmbH, Darmstadt, Germany 

48.  Triton X-100 AppliChem GmbH, Darmstadt, Germany 

49.  Sodium chloride AppliChem GmbH, Darmstadt, Germany 

50.  SDS (Sodium 
dodecylsulfat)
  

Roche Diagnostics GmbH, Mannheim, Germany 

51.  Dnase Roche Diagnostics GmbH, Mannheim, Germany 

52.  Protease inhibitor 
Cocktail 

Roche Diagnostics GmbH, Mannheim, Germany 

53.  Random Primer Roche Diagnostics GmbH, Mannheim, Germany 

54.  Ethly Green Counterstain Linaris Biologische Produkte, Wertheim, Germany 

55.  Paraformaldehyd 
solution (4% in PBS) 

Santa Cruz Biotechnology, Inc., USA 

56.  Pertex Medite GmbH, Burgdorf, Germany 

57.  Resorcinol/Fucsine Chroma, Munster, Germany 

58.  Trypsin Digest All2 Zytomed Systems, Berlin, Germany 

59.  Oligonucleotides Eurofins Genomics GmbH, Ebersberg, Germany 
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2.5.2  Enzymes 

Table 2.4: List of enzymes 

S/N Name Origin 

1.  
Collagenase Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

2.  
Dnase Invitrogen Corporation, CarlsbadCA, USA 

3.  
Elastase Serva Electrophoresis GmbH, Heidelberg, Germany 

4.  
GoTaq Polymerase Promega Corporation, Madison, USA 

5.  
Proteinase K Roche Diagnostics GmbH, Mannheim, Germany 

6.  
Trypsin PAA Laboratories GmbH, Pasching, Austria 

 

2.5.3  Cytokines and neutralizing antibodies  

The cells were stimulated with cytokines to observe different cell  

activities such as proli feration and migration. In another set of 

experiments, neutralizing antibodies for these cytokines were also 

used individually and collectively to evaluate how these activit ies are 

affected. Following is a list of all  the cytokines and neutral izing 

antibodies used. 

Table 2.5: List of cytokines 

S/N Name Origin 

1.  Recombinant human SDF-1 
(CXCL12) 

#250-20A, PeproTech, Rocky Hill, USA 

2.  
Recombinant human IL-6 #AF-200-06, PeproTech, Rocky Hill, USA 

3.  
Recombinant Murine MCP-1 #250-10, PeproTech, Rocky Hill, USA 

https://www.google.com/search?client=firefox-b-d&q=Rocky+Hill+(New+Jersey)&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEw2N46vqLLMVuLQz9U3qCjOSNEyyii30k_Oz8lJTS7JzM_Tzy9KT8zLrEoEcYqtMlITUwpLE4tKUouKFXLyk8HCi1jFg_KTsysVPDJzchQ0_FLLFbyA8qmVmjtYGQFuJTHQbAAAAA&sa=X&ved=2ahUKEwje9fqRudnrAhXJ-6QKHV7pB7oQmxMoATAQegQIBBAD
https://www.google.com/search?client=firefox-b-d&q=Rocky+Hill+(New+Jersey)&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEw2N46vqLLMVuLQz9U3qCjOSNEyyii30k_Oz8lJTS7JzM_Tzy9KT8zLrEoEcYqtMlITUwpLE4tKUouKFXLyk8HCi1jFg_KTsysVPDJzchQ0_FLLFbyA8qmVmjtYGQFuJTHQbAAAAA&sa=X&ved=2ahUKEwje9fqRudnrAhXJ-6QKHV7pB7oQmxMoATAQegQIBBAD
https://www.google.com/search?client=firefox-b-d&q=Rocky+Hill+(New+Jersey)&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEw2N46vqLLMVuLQz9U3qCjOSNEyyii30k_Oz8lJTS7JzM_Tzy9KT8zLrEoEcYqtMlITUwpLE4tKUouKFXLyk8HCi1jFg_KTsysVPDJzchQ0_FLLFbyA8qmVmjtYGQFuJTHQbAAAAA&sa=X&ved=2ahUKEwje9fqRudnrAhXJ-6QKHV7pB7oQmxMoATAQegQIBBAD
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Table 2.6: Cytokine neutralizing antibodies 

S/N Name Origin 

1.  
Anti-SDF-1 (CXCL12) antibody) ab9797, Abcam, Cambridge, UK 

2.  
Anti-hIL-6-IgG antibody mabg-hil6-3, InvitroGen, Carlsbad, USA 

3.  
Anti-MCP-1 antibody ab25124, Abcam, Cambridge, UK 

 

2.5.4  Antibodies  

A number of antibodies were used to perform protein detection in 

immunohostochemistry (IHC) and Western  blott ing (WB) experiments.  

Table 2.7: Antibodies used for western blot and immunohistochemical staining 

S/N Name Dilution Use Origin 

1.  Anti-mouse (A5278) 1:1000 WB 

Sigma-Aldrich Chemie GmbH, 
Steinheim, Germany 

2.  Anti-rabbit (A6154) 
1:2000 

WB 

3.  Alpha smooth muscle 
actin (A2547) 1:900 

IHC 

4.  RasGAP 1:1000 WB A. Kazlauskas, Harvard Medical 
School, Boston, MA 

5.  Von Willebrand factor 
(A0082) 1:1200 

IHC Dako GmbH, Hamburg, Germany 

6.  

 
Anti-rabbit (A6154)  

1:1000 

 
WB 

 

 
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 

 

7.  Anti-STEAP4 antibody 
(ab63967) 1:1000 

 
WB 
 

Abcam, Oregon, USA 

https://www.google.com/search?client=firefox-b-d&q=Cambridge&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWDmdE3OTijJT0lN3sDICALVAxwFTAAAA&sa=X&ved=2ahUKEwi8vcu-u9nrAhUPzqQKHR7uBIEQmxMoATASegQIDBAD
https://www.google.com/search?client=firefox-b-d&q=Cambridge&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWDmdE3OTijJT0lN3sDICALVAxwFTAAAA&sa=X&ved=2ahUKEwi8vcu-u9nrAhUPzqQKHR7uBIEQmxMoATASegQIDBAD
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2.5.5  Buffers and solutions  

Table 2.8: Buffers and solutions used in experimental procedures 

S/N Name  Origin 

1.  Amersham ECLTM  Western GE Healthcare UK Ltd; England 

2.  Blotting Detection Reagents GE Healthcare UK Ltd; England 

3.  Anode solution I 0.3M TRIS 20% methanol 

4.  Anode solution II 25mM TRIS 20% methanol 

5.  Cathode solution 40mM 6-aminohexanacid 0.01% SDS 20% 
methanol 

6.  Enzyme solution 24mg collagenase type I, 8mg elastase, 8mg 
trypsin inhibitor, 24 ml DMEM (high glucose + 1% 
penicillin/streptomycin) 

7.  
PBS NaCl 8g, KCl   0.2g, Na2HPO4 1.44g, K2HPO4 

0.24g 

at pH 7.4 with  HCl 6M, ad 1l with ddH2O 

8.  Resolving gel pH 8.8 TRIS 90.75g ad 500ml with ddH2O with HCl conc. 
at pH 8.8 

9.  

SDS 4x buffer 250mM TRIS-HCl (pH 6.8) 

8% SDS                              

40% glycerol 

200mM DTT(Dithiothreitol) 

0.04% bromphenol blue 

10.  
Stacking gel pH 6.8 TRIS 12.0g  

with HCl conc. at pH 6.8 

ad 200ml with ddH2O 

11.  

TAE 50x 2M TRIS 

0.05M EDTA  

1M acetic acid 

with NaOH at pH 8 
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12.  

Tail-lysis buffer 3M TRIS pH 8.5 

250mM EDTA 

20% SDS 

5M NaCl 

13.  
TBS TRIS 2.42g 

NaCl 8.0g 

ad 1l with ddH2O 

14.  FBS (Fetal bovine serum) Gibco, Invitrogen, Corporation, CarlsbadCA, USA 

15.  Pen/Strep (Penicillin 
Streptomycin) 

Gibco, Invitrogen, Corporation, CarlsbadCA, USA 

16.  Protein Standard Page Ruler 
Perstained Protein Ladder 

Fermentas GmbH, St. Leon-Rot, Germany 

2.5.6  Biological kits  

Table 2.9: List of biological kits  

S/N Name  Origin 

1.  Cell Proliferation ELISA, 
BrdU 

Roche Diagnostics GmbH, Mannheim, Germany 

2.  Vector 

Vip. Substrate Kit 
Linaris Biologische Produkte, Wertheim, Germany 

3.  
DAB Substrate Kit Linaris Biologische Produkte, Wertheim, Germany 

4.  Power SYBR® Green PCR 
master mix 

Applied biosystems by thermo Fisher scientific 

5.  
MM HRP Polymer Kit Zytomed Systems, Berlin, Germany 

6.  
RNeasy MiniKit  Qiagen GmbH, Hilden, Germany 

7.  High capacity RNA-to-
cDNA kit 

Applied biosystems by thermo Fisher scientific 

8.  
Cell death detection ELIZA Roche Diagnostics GmbH, Mannheim, Germany 
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9.  
MTT assay kit Sigma-Aldrich, St. Lousis, USA 

10.  
IL-6 ELISA Kit Abcam, Massachusetts, USA 

11.  Mouse Cytokine array 
panel A 

R&D systems, Minneapolis, USA 

2.6 Primers 

2.6.1  Primers for Quantitative PCR (qPCR)  

The qPCR amplified the cDNA which was obtained by using the 

extracted mRNA. The mRNA was converted into cDNA using High 

capacity RNA-to-cDNA kit. Following is a list of primers used for 

qPCR experiments. All the qPCR primers were ordered from Eurofins 

Genomics GmbH, Ebersberg, Germany.  

Table 2.10: Primers used for quantitative PCR 

Sequence (5’-3’) Characteristic 

Forward AGTCCCTGCCCTTTGTAC 

Reverse CGATCCAGGGCCTCACTA 
18S 

Forward CCACCACGCTCTTCTGTCTAC 

Reverse TCCGAGGTCCTGACTCTGTC 
TNF-α 

Forward CCACTCACCTGCTGCTACTAC 

Reverse TGGTGATCCTCTTGTAGCTCTCC 
MCP-1 

Forward ATCTTTTGGGGTCCGTCAACT 

Reverse CACGATTTCCCAGAGAACATGTG 
IL-1β 

Forward ACAACCACGGCCTTCCCTACT 

Reverse CACGATTTCCCAGAGAAC 
IL-6 

https://www.google.com/search?client=firefox-b-d&sa=X&biw=1704&bih=938&q=Minneapolis&stick=H4sIAAAAAAAAAOPgE-LVT9c3NMwwqyyqSi5JVuLUz9U3SCuoKk_TMsoot9JPzs_JSU0uyczP088vSk_My6xKBHGKrTJSE1MKSxOLSlKLihVy8pPBwotYuX0z8_JSEwvyczKLd7AyAgB2b53mYQAAAA&ved=2ahUKEwiy3vHoo9frAhVE6qQKHRO3BnEQmxMoATAOegQICBAD
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Forward TCAAATGCGGAATACCTTGCT 

Reverse GCATCTAGTGTTCCTGACTGGA 
Stamp2 

Forward CCAGCTATGAACTCCTTCTC 

Reverse GCTTGTTCCTCACATCTCTC 
Human IL-6 

Forward CAGAGTACCTTGCTCATTTGGT 

Reverse TGTCATTTCCACACACAAACAC 
Human Stamp2 

2.6.2  Genotyping primers  

The genotyping primers were used to confirm the genotype s of the 

mice used for experiments  (Stamp2-KO or WT). The protein bands 

observed thus indicated the presence or absence of the part icular 

genotype. 

Table 2.11: PCR primers for WT and Stamp2 KO genotyping 

Sequence (5’-3’) Characteristic 

GGTCTTTCAAAGTGAGGCAACACTTC TE (Common) 

GGGCCAGCTCATTCCTCCCACTCAT T (KO) 

GGTGCTGAAGTGCATCCTCATCATG E (WT) 

 

All genotyping primers were purchased from Eurofins Genomics 

GmbH, Ebersberg, Germany.  

2.6.3 siRNA transfection 

In order to perform Stamp2 gene downregulation in PASMCs and 

HMVECs, siRNA transfection was performed. Cells were transfected 

using Stamp2 siRNA along with transfection reagent (INTERFERin
®

 

Polyplus, New York City, USA). Scrambled siRNA was used as 

control. Following is the l ist of siRNAs used for transfection along 

https://www.google.com/search?client=firefox-b-d&q=New+York+City&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEw3r4w3z0o3UuLUz9U3MIo3sjDTMsoot9JPzs_JSU0uyczP088vSk_My6xKBHGKrTJSE1MKSxOLSlKLihVy8pPBwotYef1SyxUi84uyFZwzSyp3sDICAKLV7mNjAAAA&sa=X&ved=2ahUKEwigrM-4wNnrAhUQGuwKHdrsB7YQmxMoATAQegQIChAD
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with the target Stamp2 sequence. The siRNAs were purchased from 

Qiagen, Hilden, Germany. 

Table 2.12: siRNA sequences for Stamp2 downregulation 

Sequence (5’-3’) Characteristic 

CACAATGGTGACCACTGATAA Target sequence 

CAAUGGUGACCACUGAUAATT Antisense strand 

UUAUCAGUGGUCAUUGTG Sense strand 

2.7  Consumable articles 

Table 2.13: List of consumable articles 

S/N Name Description Origin 

1.  
Blotting  

membrane  

 

ImmunBlotTM 

PVDF Membrane for  

Protein Blotting 

BioRad 

Laboratories, USA 

 

2.  Blotting paper 

Whatman 
Gel Blotting Paper 

Schleicher & Schuell, 
Germany 

3.  
Butterfly needle 21G 25G Braun Melsungen AG Melsungen, Germany 

4.  
Hypodermic needls 

26G x ½  20G x 1 ½ 

Braun Melsungen AG 
Melsungen, Germany 

5.  
IV line Intratix Air-matic Melsungen, Germany 

6.  
Three-way-stopcock 

Discofix C-3 Braun Melsungen 
AG 

Melsungen, Germany 

7.  
Cell culture dishes 

 10cm dish  6cm dish 

6-well-, 24-well- & 96-well-dish 

Trasadingen, 
Switzerland 

8.  
Serological Pipettes 

5ml pipette, 10ml pipette, 
Trasadingen, Switzerland 

25ml pipette 

Trasadingen, 
Switzerland 

https://www.google.com/search?client=firefox-b-d&q=Hilden&stick=H4sIAAAAAAAAAOPgE-LUz9U3sDQ2z7JQAjON401yk7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtY2Twyc1JS83awMgIAWRJGP1AAAAA&sa=X&ved=2ahUKEwii58yNptfrAhXDqaQKHZ-IC3cQmxMoATATegQICxAD
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9.  
Serological Pipettes 

5ml pipette, 10ml pipette, 
Trasadingen, Switzerland 

25ml pipette 

Trasadingen, 
Switzerland 

10.  
Photopaper Amersham HyperfilmTM ECL GE Healthcare  England 

11.  
Reaction tubes 

0,5 ml tube, 1,5 ml tube, 2 ml 
tube 

Eppendorf AG 

Hamburg, Germany 

 

2.8 Computational Software Programs 

Table 2.14: Computer software programs for quantification 

S/N Name Description Origin 

1.  AIDA (Version 
4.00.027) 

Raytest 
Straubenhardt, 

Germany 

2.  
GraphPad Prism 5.03 GraphPad Software, Inc California, USA 

3.  
LabChart7 AD Instruments Sydney, Australia 

4.  
Leica Q Win Leica Microsystems GmbH Wetzlar, Germany 

5.  
Microsoft office 2003 Microsoft Corporation Redmond, USA 

6.  Keyence BZ II 
analyzer software 

Keyence corporation USA 

7.  
ImageJ National Institute of Health (NIH) USA 
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3 Laboratory Techniques and Methods 

3.1  Cell culture 

3.1.1  Isolation and cultivation of murine PASMCs 

Murine PASMCs were isolated from Stamp2-KO and WT mice aged 

between 9-12 weeks. Post sacrifice the mouse thoracic cavity was 

cut open and the heart-lung complex was removed .  Ice cold PBS 

buffer containing penicil l in/streptomycin was fi l led in a Petr i dish and 

the lung heart complex was placed in it to perform isolation of 

PASMCs. The pulmonary artery was removed from the complex and 

was placed in an Eppendorf tube fi l led with enzyme solution 

(collagenase, elastase, trypsin-inhibitor). The tube was then 

incubated at 37°C for 30 minutes. This incubation helped remove the 

adventi tious layer of the pulmonary artery . The remaining arterial 

structure was then cut into smaller pieces and was incubated again in 

the enzyme solution at 37°C for 90 minutes  to disintegrate the tissue . 

The tube was centrifuged for 2 minutes at 5000 rpm after incubation 

and the supernatant was removed . The remaining cell pellet was 

suspended in 2 ml of DMEM containing 20% FCS and antibiotics 

(penici l l in/Streptomycin) . The suspended cell pellet was seeded in a 

24-well plate and was expanded upon reaching 80% confluence into 

12-well plate. Once the 12-well plate reached 80% confluence it was 

further expanded into a 6-well plate. When the cells in the 6-well 

plate showed 70-80% confluence, cells were seeded on a 10 cm plate 

which was passaged subsequently for cellular expansion and use in 

experiments. 
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3.1.2  Cultivation of human PASMCs 

Human PASMCs were bought from Lonza (Basel, Switzerland). The 

cell vials received were from lots 00003639143 and 13981. According 

to the provider ’s information these cell lots belonged to a 43 years 

old male and a 2.5 months old male donors, respectively, both were 

Caucasian. Upon arrival the vial was thawed in a  warm water bath at 

37°C. The cells were than plated in a 24-well plate using SmGm 

(Smooth Muscle cell Growth Medium, Clonetics). Upon reaching 80% 

confluence the cells were transferred to 12-well plates fol lowed by 6-

well plates and then finally seeded onto the 10 cm Petri dishes. Once 

the cells were stably growing in the Petri dishes, these were 

passaged further and used for experiments. Cells were also frozen 

and saved for future use. The frozen cells were kept at -80°C. 

3.1.3  Cultivation of human MVECs 

HMVECs were bought from LONZA (Basel, Switzerland). The lots 

used were 0000489936 belonging to a 2 years old, Black female 

donor, 0000580578 belonging to a 57 years old, Hispanic male and 

0000582655 belonging to a 17 years old Hispanic male. Upon 

receiving, the vials were plated using EBM (Endothelial cell  Basal  

medium, clonetics) in a 10 cm Petri dish.  The cells were expanded 

according to the protocol provided in the data sheet upon reaching 

70-85% confluence. In order to expand into mult iple passages, the 

plated cells were rinsed with 5 ml HEPES-BSS and 2 ml trypsin was 

added. The Petri dish was placed in the incubator at 37°C for 3 -5 

minutes and was examined periodically .  Once around 90% 

confluence was reached, 5 ml of trypsin neutral izing solution was 

added to the Petri dish to enable cell detachment  and the cells were 

transferred to a 15 ml sterile falcon tube and centrifuged for 5 

minutes at 200g. The supernatant was aspirated and the cells were 

re-suspended in EBM and seeded onto new Petri dishes.  These cells 
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were then used for experiments. Cells were also frozen and saved for 

future use. The frozen cells were kept at -80°C. 

3.1.4  Isolation and cultivation of murine peritoneal macrophages  

Mice were injected with thioglycollate three to four days prior to 

isolation of macrophages . On the day of macrophage harvesting, 

mice were ki l led via cervical dislocation after administering deep 

anaesthesia using isoflurane . Mice were then pinned on to the 

operating plate and thoroughly  sprayed with 70% ethanol to ensure a 

clean exterior. The skin was carefully cut open making sure the 

peritoneal cavity was not punctured.  Gently the underlying 

connective tissue was removed to ensure easy spreading  and pinning 

of the skin flaps to the sides . 10 ml of ice cold PBS taken in a 

syringe was injected into the peritoneal cavity.  Using the same 

syringe the PBS was sucked back collecting the macrophages from 

the peritoneal cavity, around 8 ml was sucked back and exported to a 

falcon tube kept on ice. The procedure was repeated twice to ensure 

maximum retr ieval of cells . The collected  PBS-macrophage solution 

was then centr ifuged at 1200 rpm for ten minutes . Afterwards the 

PBS was discarded and the pellet was resuspended in 10 ml of 

DMEM culture medium and transferred onto the culture plate . The 

harvested macrophages were kept at 37°C for 4-5 hours to al low 

attachment of viable cells. After 5 hours the culture medium was 

aspirated using a suction pump and the cells were washed using PBS 

to remove loose and unattached cells. Fresh medium was poured 

onto the cells and plates were again kept at 37°C in the incubator 

and used according to experimental plan . 
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3.2 Tissue harvesting and preparation 

3.2.1  Mouse lung tissue  

Lung t issues were harvested from Stamp2-KO and WT mice kept 

under hypoxia (10% oxygen) and normoxia condit ions for 21 days.  

The lungs were perfused thoroughly using PBS for 8 -10 minutes to 

ensure complete removal of blood. The r ight lung tissue was snap 

frozen and kept at -80 degrees for protein and RNA extraction.  

The left lung tissue was f ixed in 4% phosphate -buffered 

paraformaldehyde solution. Mouse lungs were embedded in paraff in 

blocks and stored at room temperature until sections had to be 

prepared. The blocks were put at -20°C overnight prior to cutt ing 

sections. The sections were cut using a microtome and  the paraff in 

blocks were kept on the cooling plate in -between to prevent softening 

of block and to avoid breaking of sections . 3 µm thick sections were 

cut and were transferred to water heated up to  40°C to unfold them . 

The f lattened sections were then transferred onto sl ides and dried 

overnight in a 37°C heating chamber. The sections were then stored 

at room temperature unti l immunohistochemical staining was 

performed.  

3.2.2  Rat lung tissue  

Lungs were harvested from rats which developed Sugen/hypoxia 

induced PH and rats kept in normoxia. The procedures for lung tissue 

harvest, paraff in sections preparation and for freezing the tissue 

were performed in a similar manner as explained for mouse lung 

tissue above. Once prepared, the sections were labelled and stored 

at room temperature. These sections were then used for different 

immunohistochemistry staining protocols.  
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3.2.3  Human lung tissue 

The donated human lung tissues from IPAH patients and healthy 

donors were used for this project. The donation and experimental 

procedures were approved by the Ethics committee of the University 

of Giessen, Germany. The experiments were performed according to 

the national law. A part of individual lung t issues was snap frozen 

and kept at -80 degrees for protein and RNA extraction. Another part 

was f irst fixed in 4% phosphate-buffered paraformaldehyde solution 

and was used for 3 µm section preparation. The sections were 

prepared following the same method described for mouse lung 

sections preparation.  

3.3 Animal models of pulmonary hypertension 

3.3.1  Sugen/Hypoxia induced pulmonary hypertension  

Male Sprague Dawley rats were used as PH mode l. PH was induced 

by injecting the rats with SU5416 (20mg/kg dissolved in DMSO) and 

keeping them in hypoxia for 21 days  followed by two weeks of 

normoxia. Rats kept under normoxia acted as controls. The rats were 

used primari ly for harvesting lung tissue and using those for 

immunohistochemical staining and performing protein and RNA 

extraction for further experiments.  

3.3.2  Hypoxia-induced pulmonary hypertension mouse model  and 

hemodynamic assessment  

Hypoxia conditions were used to induce PH in WT and Stamp2-KO 

mice. Male mice aged between 8-14 weeks were used for the 

experiments. The hypoxia condit ions (10% oxygen) were maintained 

for a period of three weeks . Mouse cages were cleaned and changed 

on alternate days along with fresh water and food  replacement and 
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the hypoxia condit ions were restored immediately . WT and Stamp2-

KO Mice were kept in similar manner at normoxia receiving 20% 

oxygen, served as controls . After three weeks mice were subjected to 

hemodynamic measurements.  

Mice were kept under deep anaesthesia using constant f low of 

isoflurane during surgical procedure of hemodynamic measurements. 

Post measurement recording, mice were sacrificed. Lung and heart 

tissues were harvested from sacrificed mice for experimental use . 

Measurements of the following parameters were recorded : 

 Right ventr icular systolic pressure (RVSP)  

 Systolic blood pressure (SBP) 

 Right heart hypertrophy (RV/LV+S) 

 Heart rate 

Following is a graphical description of how hypoxia was administered 

in the mouse model to develop PH, showing the t ime point of hypoxia 

exposure and completion of experiment.  

 

 

 

Figure 3.1: Timeline of hypoxia-induced PH development in WT and Stamp2-KO mice 
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3.4 Measurement of hemodynamic parameters  

3.4.1 Right ventricular systolic pressure 

Mice were given init ial anaesthesia by putting them in an isoflurane 

containing chamber for 20-30 seconds. The anaesthetized mice were 

then placed on a heating plate to maintain the body temperature , and 

kept under constant anaesthesia by a supply of anaesthesia gas 

through a gas mask placed over the nose and mouth . The 

anaesthetic gas consisted of 1-1.2 l/min oxygen, 0 .6 l/min 

compressed air and 2% isoflurane.  Foot reflexes were checked to 

ensure deep anaesthesia administration . The jugular vein was 

dissected using a 30G1/2 needle, and a millar
®

 catheter was 

inserted.  The catheter was moved forward unti l it  reached the r ight 

ventr icle of the heart . Once the catheter was in the right position , the 

right ventr icular pressure was recorded. The pressure curves were 

displayed using LabChart
®
 software (AD instruments). PowerLab 

amplifier
®
 was used to obtain amplified pressure curves . Heart rate 

(HR) was calculated via the same software along with the pressure 

curve recording. The pressure curve was recorded for 2 -4 minutes 

constantly.  

3.4.2 Systemic blood pressure  

To measure systemic blood pressure the carotid artery was 

dissected. The proximal end of the artery was ligated to prevent 

blood flow, the artery was opened using a 26G1/ needle, and a 

mil lar
®

 catheter was inserted . Once the catheter was inside the 

ligation was untied to help the catheter move forward . After obtaining 

a stable pressure curve, the ligation was t ightened again to stabil ize 

the catheter position inside the artery . The systemic blood pressure 
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was then recorded in the similar fashion as explained above for 

RVSP recording.  

3.4.3 Perfusion of organs and tissue fixation 

Once measurement of hemodynamic parameters was complete, the 

mice were sacrif iced by cervical dislocation . The chest cavity was cut 

open and thorax was fully exposed . A butterf ly needle connected to 

PBS supply was inserted into the left ventricle and the r ight atrium 

was opened and the heart was perfused for 3-4 minutes. Afterwards 

the butterfly was inserted into the trachea and the lungs were 

perfused for 5-7 minutes. The r ight lung was cut and shock frozen in 

liquid nitrogen. The left lungs were kept in 4% formalin in PBS 

solution overnight at 4°C and were transferred to PBS the next day .  

After 24 hours the lungs were kept in 70% ethanol unti l ready for 

tissue infil tration and paraff in embedding.  

3.4.4 Right heart hypertrophy 

The heart was removed and kept in chil led PBS. The left  and right 

atria were separated, and the left ventr icle along with septum was 

dissected away from the right ventr icle . The dissected pieces were 

weighed, and ratio of right ventr icle to left ventricle and septum 

(RV/LV+septum) was drawn. The calculated value (so-called Fulton 

index) showed the development of r ight heart hypertrophy . The left 

and r ight ventricles were also shock frozen and stored at -80°C. 

3.5 Immunohistochemical staining (IHC)  

The paraff in lung sections were stained using immunohistochemical 

methods to look for various factors and markers . The lung sections 

were stained to detect the expression of Stamp2, von willebrandt 
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factor (endothelial cell marker), smooth muscle actin and CD68 

positive cells. The staining experiments were performed according to 

optimized protocols as tabulated below .  

3.5.1  Staining protocol for Stamp2  

Paraff in lung sections were obtained from WT and Stamp2 -KO mice 

kept in hypoxia and normoxia, from rats subjected to sugen/hypoxia 

and control rats and from healthy and PH patien ts. Stamp2 protein 

was stained in brown colour .  The staining was performed according 

to the following protocol . 

Table 3.1: IHC protocol for Stamp2 staining 

Time(min) Reagent/instrument procedure 

60 58°C incubator Place the slides in a slide rack and 

let them heat for an hour 

3x10 NeoClear® Wash to remove the paraffin and 

reveal sections 

2x5 Ethanol (99.8%) Serial hydration 

5 Ethanol (96%) Serial hydration 

5 Ethanol 70% Serial hydration 

15 H2O-Methanol (3%) Serial hydration 

2x5 Distilled H2O hydration 

2x5 PBS Washing 

 Dako pen Draw a hydrophobic circle around 

the section 

15 Trypsin solution (Life technologies) Put the soln. on the sections and 

incubate at 37°C in a humidified box 

3x5 PBS washing 

20 Serumblock I (ImmPRESS Kit Anti-rabbit 

Ig) normal horse serum 2.5% 

blocking 

Overnight Steap4 antibody (ProteintechR) 

Diluted in Antibody diluent (Zytomed 

systems) 

The section were incubated 

overnight at 4°C dilution: 1:20 

4x5 PBS washing 
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30 ImmPRESS kit Anti-Rabit ig Peroxidase  

4x5 PBS washing 

 DAB substrate kit Visualize the development of colour  

 

3.5.2  CD68 + smooth muscle actin (SMA) co -staining 

Paraff in lung sections from WT and Stamp2-KO mice kept under 

hypoxia and normoxia were subjected to SMA-CD68 double staining . 

At f irst the sections were stained for SMA followed by CD68 staining .  

The SMA staining appeared in brown colour while CD68 staining 

appeared in fuchsia-red colour. 

Table 3.2: IHC double staining protocol for CD68+ cells and Smooth muscle 

actin (SMA)  

Time(min) Reagent/instrument procedure 

60 58°C incubator Place the slides in a slide rack and 

let them heat for an hour 

3x10 xylene Dewaxing of  sections 

20 Citrate buffer pH:6 ((Spring PMB-1-250 
Antigen Retrival Buffer) 

Boil section in buffer 

15 H2O-Methanol (3%) Serial hydration 

2x5 TBS (TRis Buffered Saline Tween 20 

TA-999-TT Thermo) 

Washing 

10 Avidin (avidin biotin block DAKO X0590) blocking 

2x5 TBS  Washing 

10 Biotin (avidin biotin block DAKO X0590) Blocking 

30 Smooth muscle actin antibody 1:200 Incubate at room temperature 

3x5 TBS  Washing 

10 DAB development   

2x5 TBS  Washing 

30 CD68 antibody 1:100 Incubate at room temperature 

3x5 TBS  Washing 

30 Poly AP (POLAP 100 zytomed systems)  

2x5 TBS  Washing 
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20 Fast red (RED 055 Zytomed systems)  

10-15 sec. Haematoxylin  Counterstain 

 Cover with water (glycerin gelatin Merck 
1.085620050) 

 

 Neo mount® 1 drop Mount the slides using glass cover 

slips and leave to dry overnight 

 

3.5.3  Staining protocol for smooth muscle actin (SMA) and von 

willebrand factor (vWF) 

Double staining was performed to stain endothelial and smooth 

muscle cells. VWF is expressed in the endothelial cells and is 

stained in brown colour while smooth muscle actin in the smooth 

muscle cells was stained in violet -purple colour. The nuclei were 

stained green. The protocol for staining is as follows:  

Table 3.3: IHC protocol for Smooth muscle actin and endothelial cell marker 

(vWF ) 

Time 

(min) 

Reagent/instrument procedure 

60 Incubator 58°C Place the slides in a slide 

rack and let them heat for an 

hour 

3x10 NeoClear® Wash to remove the paraffin 

and reveal sections 

2x5 Ethanol 99,8% Serial hydration 

5 Ethanol 96% Serial hydration 

5 Ethanol 70% Serial hydration 

15 H2O2 Methanol 3% Serial hydration 

2x5 Aqua dest. hydration 

2x5 PBS Washing 

 Orbit tissue with Dako Penn Draw a hydrophobic circle 

around the section 
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15 Trypsin solution (life technologies) 37°C 

incubator 

Put the soln. on the sections 

and incubate at 37°C in a 

humidified box 

3x5 PBS Washing 

20 10% BSA in PBS Blocking 

3x5 PBS Washing 

30 Rodent Block M (Zytomed Systems) Put 2-3 drops on each 

section and incubate 

3x5 PBS Washing 

30 Alpha-smooth muscle actin antibody 1:900 in 

10%BSA PBS 

The section were incubated 

at room temperature 

4x5 PBS Washing 

20 MM HRP Polymer (Zytomed Systems)  

3x5 PBS Washing 

3 to 4 Vector VIP Substrate Visualize the development of 

color under microscope 

5 H2O  

2x5 PBS Blocking 

20 10%BSA in PBS Blocking 

3x5 PBS Washing 

20 Serumblock I Impress Kit Normal Horse Serum 

2.5% 
 

30 Von Willebrandt factor antibody 1:1200 in 10% 

BSA PBS at 37°C 

Incubate at 37°C 

4x5 PBS Washing 

30 ImmPRESS Reagent anti rabbit ig Peroxidase  

4x5 PBS Washing 

0.5 DAB substrate Visualize the development of 

colour under microscope 

5 H2O Put slides at 60°C for 

counter stain 
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3 Methylgreen on a heating plate 60°C  

1 Aqua dest.  

2x2 Ethanol 96%  

2x5 Isopropanol  

3x5 NeoClear ® Mount the slides using glass 

cover slips and leave to dry 

overnight 

 Cover slide with NeoMount®  

3.6 Measurement of vascular muscularization 

The paraffin lung sections were subjected to double staining for vWF 

(von willebrandt factor) staining the endothelium and SMA (smooth 

muscle actin) for staining smooth muscle cells . The stained vessels 

in the lung sections were located and photographed using 40X 

magnification of the microscope (KEYENCE). 100-80 vessels 

(diameter <100 µm) were chosen from each lung .  The individual 

vessel photos were then analyzed for the muscularized area using 

the Keyence BZ II analyser software . Measurement of vessel 

diameter, area and lumen area were used to draw the percentage of 

muscularized area . The SMA stained area showed violet colour 

whereas the vWF stained area showed brown colour .  The violet 

region was measured in proportion to the measured vessel area to 

generate values indicating the level of muscularization . Vessels with 

<5% muscularized region were t it led as non- muscularized, 5-70% as 

partial ly muscularized and >70% as fully muscularized . 

3.7  Endothelin-1 Immunoassay 

Elisa measurement for ET-1 in mouse serum was performed using 

QuantiGlo
®
 ELISA kit (R&D systems) . The immunoassay was 
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performed in accordance with the manufacturer ’s protocol .  Serum 

samples from WT and Stamp2-KO mice kept under hypoxia and 

normoxia were used . All the samples and working standards were 

prepared according to the protocol and were added to the micropla te 

wells along with the assay di luent called RD1-19. The samples were 

then incubated at room temperature for 90 minutes .  All the wells 

were then washed and Endothelin-1 conjugate was added to each 

well and the plate was again incubated at room temperature for 3 

hours.  100 µL of working Glo Reagent was added to each well and 

relative l ight units (RLU) were calculated using a luminometer . The 

wells were read using Tecan Safire 2 multimode reader . The RLU 

values obtained were than analysed using regression analysis to 

obtain the ET-1 concentration values . 

3.8  IL-6 ELISA 

IL-6 concentration in mouse serum samples was measured using 

Mouse IL-6 ELISA Kit (Interleukin-6) (ab100712 Abcam). Mouse 

serum samples from WT and Stamp2-KO mice kept under hypoxia 

and normoxia were used to detect IL -6 levels. The ELISA was 

performed according to the manufacturer ’s protocol . All the samples, 

standards and reagents were prepared according to the protocol 

instructions. The samples and standards were added to the wells pre-

coated with IL-6 antibody and were incubated at room temperature . 

The wells were then washed and biotin ant ibody was added to the 

wells followed by incubation at room temperature . Streptavidin 

solution was added to the wells and incubated . The wells were then 

incubated with TMB one step development solution . The samples 

were read after adding stop solution at 450 nm using the Power Wave 

340 Elisa reader.  
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3.9  BrdU Incorporation: proliferation assay 

Cell proliferation was measured via BrdU incorporation assay . Cell 

Proliferation ELISA (Roche Diagnostics, Rotkreuz, Switzerland) was 

used to perform the assay. On day 1 the cells (PASMCs or MVECs) 

from mouse and/or human source were cultured in a 96-well plate.  

Cell density of 7500 cells per well for human cells and 1X10
4 

cells 

per well for mouse cells was used. On day 2 the cells were serum 

starved to bring all  cells into the G1 phase of the cell cycle. On day 3 

after 24 hours of serum starvation the cells were incubated with 

different proli ferating agents whose effect had to be studied (growth 

medium, IL-6, ET-1, PDGF etc.). After 24 hours BrdU was added to 

the cells. BrdU is a synthetic analogue of the nucleoside thymidine so 

it intercalates with the replicating DNA and acts as a marker of 

proliferating cells. After 24 hours of BrdU labelling, th e medium was 

removed and cells were fixed using FixDenat
®
 f ixing solution. Anti -

BrdU antibody was then added to the cells. After incubation the cells 

were washed to remove unbound antibody and reaction substrate 

solution (TMB) was added to the cells. The absorbance was 

measured by reading the 96-well plate on an Elisa reader at 

wavelengths of 370 nm and 492 nm. The Power Wave 340 ELISA 

reader was used (Bio-TEK Instruments, Winooski, USA). 

3.10  Chemotaxis assay 

Modif ied Boyden chamber was used to perform the  assay. Cells are 

made to migrate towards a chemoattractant through pores (8  µm) of a 

polycarbonate PVPF membrane . The stained cells passing through 

pores of the membrane are then counted to measure cell migration .  

10 cm plates with confluent cells were starved 24 hours prior to 

performing the assay. Alongside the PVPF membrane was incubated 

https://de.wikipedia.org/wiki/Rotkreuz_ZG
https://www.google.com/search?client=firefox-b-d&q=Winooski&stick=H4sIAAAAAAAAAOPgE-LSz9U3SDJLz0kxUuIEsQ0NssxLtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1g5wjPz8vOLszN3sDICANsk6PZTAAAA&sa=X&ved=2ahUKEwjW5cbqv9nrAhWIC-wKHbJ3B_4QmxMoATAQegQIDxAD
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for 30 minutes each side in an extracellular mimicking solution 

comprising of 0.01M acetic acid (2ml) and 3 .41mg/ml collagen type1 

(36.2 µL) and is air dried overnight .  

Next day the cells were trypsinized and re-suspended in starvation 

medium at a density of 50,000-70,000 cells per 50 µL. The wells of 

the lower plate of chamber were fi l led with the desired 

chemoattractant and starvation medium as negative control . The 

wells were covered with PVPF membrane ensuring no air bubbles 

were trapped underneath the membrane . The wells in the upper 

chamber were fi l led with 50 µl of cell suspension and placed on top 

of the membrane such as the membrane was sandwiched between 

the two plates. Both upper and lower plates were screwed together .  

The chamber was then placed in a humidified plastic box cleaned 

with 70% ethanol and kept in 5% CO 2-37°C incubator for 5 hours to 

allow cell migration . After incubation the chamber was disassembled 

and the membrane was allowed to air dry for 30 minutes . 

3.10.1 Staining of membranes:  

The f ixation and staining of membranes was performed using the Diff-

Quick
®
 kit . A mult i compartment container was taken and the fixing 

solution, reagent I and reagent I I  were put in separate compartments.  

Two separate compartments were f i l led with distil led water, used for 

washing the membrane after staining. Holding with tweezers the 

membrane was put in each solution for a minute and then transferred 

to next. After f inal water wash the membrane was covered with a 

glass slide and observed under the microscope. The stained pores 

were counted for migrated cells using a 20X raster ocular 

magnification. 
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3.11  Cell death detection: Apoptosis assay 

Cell death was measured using the cell death detection Elisa kit 

(Roche Diagnostics, Rotkreuz, Switzerland). On day 1 the cells 

(PASMCs or MVECs) from mouse and/or human were cultured in a 

96-well plate. Cell density of 7500 cells per well for human cells and 

1X10
4 

cells per well for mouse cells  was used. On day 2 the cells 

were serum starved to bring all  cells into the G1 phase of the cell 

cycle. On day 3 after 24 hours of serum starvation the cells were  

incubated with different  concentrations of  3% hydrogen peroxide 10M 

solution to have 100,200 or 500 µM concentration in the well  along 

with growth medium and starvation medium conditions as controls .  

After 24 hours the cells were assayed . The 96-well plate was 

centr ifuged for 10 minutes at 1000 rpm. The wells were studied under 

the microscope and wells that had to be assayed were chosen . 200 µl 

of lysis buffer was added to the chosen wells and the plate was 

incubated for 30 minutes with mild shaking. After  incubation the plate 

was again centrifuged for 10 minutes at  1000 rpm. Afterwards  the 

antibody solution was prepared using anti-histone, anti -DNA solutions 

and incubation buffer. 20 µl of supernatant were taken from selected 

wells, put in a separate str ip of wells and incubated with the antibody 

solution for 2 hours at room temperature with mild shaking. After 

incubation, the contents of the wells were removed and washed using 

incubation buffer three t imes (five minute incubation per wash), after 

washing 100 µl of substrate buffer  was added. The absorbance was 

measured by reading the 96-well plate in the Power Wave 340 ELISA 

reader at wavelengths of 405 nm and 490 nm. 

3.12  siRNA administration 

PASMCs and HMVEC were cultured in desired wells according to the 

experiment plan. After 24 hours medium was changed and siRNA mix 

https://de.wikipedia.org/wiki/Rotkreuz_ZG
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was added to the wells . The siRNA was administered by preparing a 

siRNA and INTERFERin
®
 (transfection agent) solution which was then 

added to the well along with the cell culture medium . The medium 

was changed after 48 hours with fresh culture medium and let sit for 

another 24 hours. Next day the cells were starved using starvation 

medium. After 24 hours the transfected cells were used for desired 

experiments. The gene downregulation was confirmed by performing 

western blot analysis of protein lysates of the cells. The si lencing at 

the mRNA level was checked by performing qPCR.   

3.13  Viability Assay 

Following Stamp2 silencing the cells were checked for their survival 

efficiency. A colorimetric  MTT assay ((Sigma-Aldrich, St. Lousis, 

USA) was used to assess the cell viabil ity. Cells were seeded in 96 -

well plates at a density of 1x10
4
 cells per well.  Depending on the cell 

type seeded, respective medium was used on the cells (Clonetics 

EBM, Lonza, Basel, Switzerland). After 24 hours the MTT reagent 

was added to the wells and the cells were incubated for 4 hours. 

After 4 hours the absorbance was measured by reading the 96 -well 

plate in the Power Wave 340 ELISA at the wavelength of 600  nm. 

3.14  Preparation of protein-lysate samples 

3.14.1  Protein extraction from cells  

Cells plated on 10 cm or 6-12 well plates were used for protein 

extraction. The cells were washed with PBS buffer and the plates 

were immediately transferred onto ice to prevent protein degradation . 

2X SDS buffer was added to the cells and with the help of a cell 

scraper the cells were scraped off the plates ensuring SDS buffer 

completely homogenizes the cells . SDS buffer helps break the 
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secondary and tertiary protein structures . The samples were then 

cooked at 95°C for 3-5 minutes which ensured complete protein 

denaturation. The samples were stored at -20°C.  

3.14.2 Protein extraction from Lung tissue  

The lung tissue was homogenized in ripa buffer while keeping the 

samples on ice. The tissue was completely homogenized for 

complete protein retrieval . The samples were then put on a gentle 

shaker for two hours at 4°C and were centr ifuged on full  speed for 

ten minutes; the lysate was separated from the pellet and discarded. 

The protein concentration of the lysate was measured on Nanodrop. 

The protein-in-buffer samples were added to 2X SDS buffer and were 

cooked at 95°C for 3-5 minutes. After cooling down, the samples 

were stored at -20°C. The ripa buffer protein samples were stored at 

-80°C for future usage . 

3.15  Western blot 

3.15.1 SDS polyacrylamide gel electrophoresis (SDS -PAGE) 

SDS (Sodium dodecylsulfate) gel electrophoresis allows molecular 

weight based protein separation by applying an electric current f ield 

to pull down negatively charged proteins .  Protein samples along with 

protein markers are loaded into the wells of a polyacrylamide gel 

cassette which is placed inside an electrophoresis buffer f i l led 

chamber. The polyacrylamide gel consists of a stacking gel and a 

separating gel.  The stacking gel  has a pH of 6.8 and holds the 

protein samples in wells; the separating gel has a pH of 8 .8 and 

separates the proteins .  A 10% gel is used for the set of experiments 

documented here containing 10% acrylamide .  The electric current 
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faci li tates the movement of  protein toward the anode, thus moving 

the protein samples while separating different protein units 

depending on their molecular weight . The l ighter proteins separate 

earl ier and travel faster towards the anode whereas the heavier 

proteins migrate slower .  The protein molecular weight marker running 

alongside the samples helps mark the weight of the desired protein 

and guides depending on the separation when to stop the 

electrophoresis and blot the gel . 

3.15.2 Protein blotting on membrane  

Once the protein bands were separated the polyacrylamide gel was 

blotted onto a PVDF membrane . The blott ing chamber applies electric 

current that helps the negatively charged protein bands to transfer 

from the gel on to the membrane as they travel towards the anode .  

The lower platform of the blotting chamber acts as the anode while 

the upper lid acts as the cathode . The membrane and gel are 

sandwiched between buffer soaked fil ter papers which facilitate the 

transfer of current through the gel and the membrane .  Before 

preparing the sandwich the PVDF membrane was activated by one 

minute incubation in Methanol . The order of this sandwich is as 

fol lows, start ing from layering the f irst set of fi lter papers at the base 

and building the sandwich up . 

 Lid of blotting chamber (Cathode)  

 Four f i lter papers soaked in cathode buffer  

 Polyacrylamide gel 

 PVDF membrane 

 Two fi lter papers soaked in anode buffer II  

 Three f il ter paper soaked in anode buffer  I  

 Lower platform of blotting chamber (Anode)  
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Once the gel-membrane-fil ter papers sandwich was ready the blott ing 

chamber was closed and 100 mA current was passed through it for 

one hour. After one hour the protein bands were transferred onto the 

membrane. The blotted membrane was then transferred to a plastic 

box containing 5% BSA solution in TBS and incubated at room 

temperature for one hour with gentle shaking. This step helps prevent 

the unspecif ic antibody binding. After incubation the membrane was 

cut into strips at the exact molecular weight points for the desired 

target protein and control protein. The str ips were then placed in 

respective primary antibodies diluted in 5% BSA in TBS solution and 

were incubated overnight at 4°C. Next day the membranes were 

washed with TBS-T buffer three t imes for 15 minutes per wash to 

remove unbound antibody residues. The membranes were then 

incubated for one hour with secondary antibody diluted in 5% BSA in 

TBS solution and were again washed four times with TBS-T buffer.  

3.15.3  Enhanced chemiluminescence Protein Detection  

The protein detection was carried out by using the Pierce
®
 ECL 

Western Blott ing Substrate (prod #: 32106) kit. 1 ml each of Reagent 

1 and 2 were mixed and the membrane was incubated in it for one 

minute. The detection reagent was HRP conjugated to the secondary 

antibody and resulted in oxidation of ECL substrate; this reaction 

caused emission of l ight which was detected using light sensitive 

fi lms. In a dark room the photosensit ive x-ray fi lms (AmershamTM 

Hyperfi l ECL) were exposed to the membranes and the signal 

appearing as protein bands was viewed after developing the f i lms in 

Curix 60 developer (AGFA) . The exposure t ime was 10 seconds to 10 

minutes.  
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3.15.4  Densitometric analysis  

The protein bands on developed photosensitive fi lms were scanned 

and the image was then analyzed using adobe Photoshop software. 

Intensity of individual bands for each sample was calculated and 

background noise was subtracted, al l values were normalized to their 

respective control bands . The numerical values obtained from the 

software were then analyzed using student’s t-test.  

3.16  Genotyping of mice 

3.16.1  Isolation of DNA from tail biopsies  

Tail biopsies were obtained from 3 weeks old mice and were lysed 

using tail lysis buffer . In an Eppendorf tube 500 µL of lysis buffer and 

5 µL of proteinase K were added along with the tai l cuts and  were 

shaken on a thermo mixer overnight at 58°C . The samples were then 

centr ifuged for 1 minute at 7000 rpm. The supernatant was 

transferred to fresh tubes and the pellet was discarded . 500 µL of 

isopropanol was added to the supernatant and the tubes were  shaken 

vigorously to ensure maximum DNA precipitation . The samples were 

then centr ifuged at 13,000 rpm for 15 minutes and isopropanol was 

carefully removed while keeping the DNA pellet. 150 µL of 70% 

ethanol was added to wash the DNA and samples were cent rifuged 

for another 15 minutes at 13,000 rpm. Ethanol was dried and the 

DNA pellet was left to dry for 5-10 minutes at 60°C. The dried DNA 

pellet was suspended in 50 µL of DNAse free water and samples 

were stored at -20°C. 
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3.16.2  Genotyping PCR 

The DNA from tail  biopsies was then genotyped by PCR (polymerase 

chain reaction) amplification to reveal the genotype of mice (WT or 

Stamp2-KO).  The Stamp2 KO mice were created by gene targeting 

into embryonic stem cells  by insert ion of a cassette to disrupt the 

gene. Genotyping primers included one primer specif ic for the 

cassette and a primer specific for WT gene and a common prim er, 

shown in the table below .  The inserted cassette in KO mice DNA is 

not detectable by the wild type specif ic primer . The PCR mixture with 

a total volume of 20 µL was prepared . The PCR mix comprised of the 

components shown in the table below.  

Table 3.4: List of genotyping PCR mix components 

Components Volume (µL) 

Distilled water 12 

10X PCR-MgCl2 2.0 

59mM MgCl2 1.0 

10nM dNTPs 0.5 

10nM KO primer 0.3 

10nM WT primer 0.3 

10nM common (TE) primer 0.6 

Platinum® Taq DNA Polymerase 0.6 

DNA sample 3.0 

 

3.16.3 PCR protocol for Genotyping  

The Genotyping protocol was optimized and was regularly used with 

the sett ings shown in table 3.5,  to confirm the genotype of mice. 
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These confirmed results were recorded in the online animal data 

input software along with information regarding the age, sex and 

generation history. This information was used when selecting animals 

for experiments. 

Table 3.5: PCR conditions for genotyping PCR  

Steps Temperature Time 

Denaturation (1 cycle) 95°C 7:00 minutes 

 

Denaturation 

Annealing             (35cycles) 

Extension   

96°C 

58°C 

68°C 

 

10.00 seconds 

30.00 seconds 

1:30 minutes 

Final extension (1 cycle) 68°C 7:00 minutes 

Hold 4°C 0:00 

 

The amplif ied DNA product was then separated using gel 

electrophoresis.  A 2% agarose gel containing EtBr (Ethidium 

Bromide) was prepared . The gel was placed in an electrophoresis 

chamber f i l led with TAE buffer and DNA samples were fi l led in the gel 

wells along with DNA loading dye for better viewing of the samples 

while pipetting. 10 µL of each sample was loaded per well. The wells 

on both ends of the gel were fi l led with DNA band size marker . The 

gel was run at 120 volts for 30 minutes, this al lowed adequate 

separation of the amplified DNA bands . The gel was viewed in the UV 

light chamber. The Stamp2-KO mice showed a band against 509 bp, 

while wild type showed a band measuring up to 265 bp . 
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3.17  RNA isolation 

RNA isolation from cel ls and lung tissues was performed using 

RNeasy
®

 mini kit (Qiagen) in accordance with the protocol provided 

by the manufacturer .  

3.17.1  Lung homogenate preparation  

The lung tissue weighing up to 30  mg was homogenized with RLT 

buffer using Potter S t issue homogenizer; the t issues were kept on 

ice all along. The homogenate was then centr ifuged at maximum 

speed for 3 minutes and the supernatant was saved and used to 

isolate the RNA. 

3.17.2  Cell  lysates preparation  

Cells plated on 10 cm plates or 6 well plates were used for RNA 

isolation.  The cells were washed with PBS and placed on ice . RLT 

buffer was added to the plates to perform cell lysis. The cells were 

effectively scraped off the plate surface using cell scraper to ensure 

effective cell lysis . The cell lysates were then transferred to storage 

tube and later used for experiments.  

3.17.3 RNA Isolation method 

The prepared lung/cell lysates were then transferred to Eppendorf 

tubes and homogenized . 70% ethanol was added to the lysate 

samples and these were transferred to the RNeasy si l ica membrane 

mini columns. Once the RNA was bound to the membrane, the 

contaminants were removed by washing . Pure RNA was finally eluted 

using 10-30 µl of RNAse free water and the RNA concentration was 

measured using Nanodrop
®. The samples were stored at -80°C. 
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These RNA sample were then used to prepare cDNA for use in qPCR 

experiments.  

3.18 cDNA synthesis 

The cDNA from RNA was prepared using the Applied Biosystems
®

 

High Capacity RNA-to-cDNA kit using the manufacturer ’s protocol . 

RNA samples are very fragile and can disintegrate very quickly thus, 

the entire procedure was carried out keeping all  ingredients on ice. 

This ensured stabil ity of samples along with good yield of final 

product.  

Table 3.6: List of RNA to cDNA PCR synthesis components 

Components Volume (µL) 

2X RT buffer 10.0 

20X Enzyme Mix 1.0 

RNA sample Up to 9 µL 

Nuclease free water Quantity sufficient to 20 µL 

Total reaction volume 20.0 

 

The reaction mix was aliquot ted in PCR tubes and was briefly 

centr ifuged to remove any air bubbles. The reaction was incubated at 

37°C for one hour and the reaction was held at 95°C for five minutes 

fol lowed by 4°C hold . The cDNA was then ready to be used for  

further applications and was stored at -20°C. 

3.19 Quantitative PCR (qPCR) 

Quantitative PCR allowed measurement of relative expression of 

different genes relative to a house keeping . Quantitative or real -time 

PCR fol lows the amount of amplif ication of DNA while the reaction 
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takes place and can report the amplification in a l inear manner. The 

amount of end product is dependent on the fluorescence produced by 

the reporter dye, which was SYBER
®
Green (Thermo Fisher Scientif ic) 

in this case. It  is a DNA binding dye which emits l ight upon binding to 

the DNA which is then calculated by the system to give a measure of 

end product produced . This measurement is done for all the genes of 

interest along with a house keeping gene . Comparison of individual 

gene expression to the house keeping gene provides the relative 

expression of different genes . 

3.19.1 Preparation of master mix  

The master mix was prepared by mixing the forward and reverse 

primers along with water and SYBER®Green. The prepared samples 

were kept at ice during the entire length of t ime. The plate was also 

kept at ice while samples were pipette into the wells. This is 

important to avoid disintegration of any component and ensure 

smooth amplification. The reaction mix is prepared as follows:  

Table 3.7: Primer mix for quantitative PCR 

Reaction components Amount per well (µL) 

Reverse primer (10 pmol) 0.5 

Forward primer (10 pmol) 0.5 

H2O 2.5 

SYBER®Green 7.5 

 

3.19.2 Preparation of standards and samples  

The prepared cDNA was diluted 1:1 . Amount of water for each 

standard solution was calculated by mult iplying the number of wells 

required for each standard with 4 .5. The calculated amount of water 

divided by 4 gave the amount of cDNA required for each standard 
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dilution. Sum of the calculated water and cDNA amount equalled as 

the standard 1, which was used for preparing subsequently di luted 

standards. Standard1 had a concentration of 100% with no water 

added.  It  was prepared by mixing equal amounts of cDNA from all 

individual samples. Standard 2 was prepared by taking calculated 

amount of cDNA mix from Standard 1 and adding the calculated 

amount of H2O, it had a concentration of 20% relative to standard 1 . 

In similar manner standard 3 was prepared from standard 2 and 

standard 4 was prepared us ing standard 3.  Standard 3 and 4 had a 

concentration of 4% and 0 .8%, respectively.  

The individual samples were prepared by making 1:10 diluted 

samples using water . The final volume was calculated and prepared 

so that 4 µl of sample could be added to each well where the master 

mix was already pipetted. 

3.19.3 Preparing the qPCR plate  

Once the samples, standards and master mix were prepared they 

were pipetted in the LightCycler
®
 480 multi-well plate, 96 (Roche) .  

The columns on the qPCR plate were different genes of interest . The 

master mix containing the part icular gene primers was pipetted into 

the wells designated for that gene .  Once the master mix for all  genes 

was pipetted 4 µL of the standard solutions and samples were 

pipetted in each well . Each t ime the sample was pipetted a fresh t ip 

was used to ensure the sample solution was not contaminated by the 

master mix already present in the wells .  

Following is the qPCR sample loading plate layout. Each sample was  

loaded in triplicate to avoid error. Rows were assigned to particular 

genes and samples were labe lled properly.  
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Figure 3.2: Schematic diagram of sample plating arrangement for qPCR 

 

Once the pipetting was complete the plate was covered with a sticky 

plastic flap provided with the qPCR plates. The plates were then  

rotated in a centr ifuge machine at 1000 rpm for 1 minute to sett le 

down all the components . The plate was then loaded into the thermal 

cycler. The PCR conditions applied are as follows:   

Table 3.8: Conditions for Quantitative PCR 

Steps Temperature Time 

Denaturation (1 cycle) 95°C 7:00 minutes 

Denaturation 

Annealing      (35 cycles) 

Extension   

96°C 

58°C 

68°C 

10.00 seconds 

30.00 seconds 

1:30 minutes 

Final extension (1 cycle) 68°C 7:00 minutes 

Hold 4°C 0:00 
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3.20 Mouse cytokine array 

Cytokine and chemokine expression in macrophage supernatant from 

WT and Stamp2-KO mice was analysed using Mouse Cytokine array 

panel A (R&D systems
®
). Selected capture antibodies on 

nitrocellulose membranes were incubated with the sample and 

detection antibody mix. All the reagents were brought to room 

temperature and working solutions were prepared according to the 

provided instructions . 2 ml of array buffer 6 was pipetted into each 

well of the 4 well mult i-dish. The membranes were placed in the wells 

containing buffer 6 and incubated for one hour . This buffer acts as a 

block buffer. While the membranes were blocking the samples were 

prepared. 700 µL of macrophage supernatant was added to 500 µL of 

array buffer 4. The final volume was adjusted to 1.5  ml using array 

buffer 6. 15 µL of detection antibody cocktail were added to each 

sample and incubated at room temperature for one hour.  Buffer was 

aspirated from the multi-well dish, samples placed in the wells along 

with membranes and incubated overnight at 2-8°C with gentle 

rocking. The fol lowing day, membranes were removed from the 

sample-detection antibody mix and placed in a separate plastic 

container; 20 ml of 1X wash buffer were added and put on a shaking 

platform for 10 minutes.   Membranes were then washed three t imes. 

Subsequently, the diluted Streptavidin-HRP was added to each well 

and membranes transferred into it . The samples were then incubated 

at room temperature for 30 minutes, and washing of membranes 

repeated as explained earl ier. 1 ml of chemi-reagent mix was then 

added onto each membrane and incubated for 1 minute. The 

membranes were then transferred onto an autoradiography cassette 

and covered with clear plastic sheet. In a dark room, the 

photosensitive x-ray fi lms (AmershamTM Hyperfi l ECL) were exposed 

to the membranes and the signals appeared as dots representing 

various cytokines and chemokines were viewed after developing the 
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f i lms in Curix 60 developer (AGFA). The exposure time was kept at 

10 seconds to 10 minutes. 

3.20.1 Cytokine array data analysis  

The membrane images along with the dots representing various 

cytokines and chemokines on developed photosensitive fi lms were 

scanned and the image was then analyzed using adobe Photoshop 

software. Intensity of individual dot for each sample was calculated 

and background noise was subtracted . The numerical values 

obtained from the software were then added onto a separate excel 

sheet along with the corresponding panel codes representing each 

dot and what i t refers to . 

3.21 PASMCs and HMVECs in hypoxia 

Human and mouse PASMCs and HMVECs were cultured on 10 cm 

Petri plates and grown until  plates were almost confluent . The cells 

were then prepared to be put in the hypoxia chamber, washed with 

PBS and fresh medium added. At f irst the 72 hour time point plates of 

cells were put in the hypoxia chamber, next day the 48 hour and the 

finally the 24 hour time point plates were added . Growth medium was 

changed on alternate days for all  the plates which was done rather 

quickly to ensure the hypoxia effect was continued. Cells kept at 

normoxia were added as 0 hour control . Upon completion of defined 

time points the plates were removed and the cells were subjected to 

protein and RNA extraction . These samples were then used for 

western blot and qPCR to determine required gene expression .  
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3.22 Wound healing/Scratch assay: 

PASMCs were cultured in 24-well-plates at a density of 1x10
5
 cells 

per well. After 24 hours the medium was aspirated and the wells were 

washed with PBS. The cells were then starved with starvation 

medium for 24 hours. On the following day using  a 1000 µl t ip a 

straight scratch was made vertically in the centre of each well.  The 

wells were then fi l led with the conditioned medium according to the 

experiment, hunger medium (HM), normal medium (NM) and 

supernatant from WT and Stamp2-KO macrophages, various 

cytokines and/or neutralizing antibodies. At two t ime points of 0 and 

24 hours the region of the well where scratch was made was 

photographed. The level of scratch cover defined the level of cell  

migration; the cells covering the scratch could be clearly seen. The 

area of the scratch before and after treatment at defin ed t ime points 

was measured using ImageJ software and analysis was performed. 

The covered area relative to the initial clear scratch determined the 

extent of wound healing.  
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4 Results 

4.1 Regulation of Stamp2 in disease 

4.1.1 Stamp2 is downregulated in human and experimental PAH 

lung vessels  

Detailed immunohistological analysis of lung sections revealed that 

the induction of PAH by hypoxia and Sugen/hypoxia as well as human 

disease were associated with reduced Stamp2 expression in the 

pulmonary vessels (Figure 4.1). The lung sections obtained from 

experimental PH models of mouse (21 days hypoxia)  or rat (Sugen/ 

hypoxia) as well as human idiopathic PAH ( IPAH) patients showed 

decreased staining for Stamp2.  

 

Figure 4.1: Stamp2 is downregulated in human and experimental PH 

Stamp2 express ion in lung sect ions of mouse or  rat model o f PH and PAH pat ients  
studied us ing immunohistochemistry .  The brown colour  represents Stamp2 around 
the pulmonary  vessels  v iewed at 400x magni f icat ion .   
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4.1.2 Downregulation of Stamp2 expression in  human PAH, mouse 

lung from hypoxia induced PH, rat lungs from Sugen/hypoxia 

induced PH 

Protein lysates and cDNA were used to perform Western blott ing and 

qPCR to evaluate Stamp2 expression. The human tissue from PAH 

patients showed a downregulation in Stamp2 expression at the 

protein level when compared to human lung lysates from healthy 

subjects (Figure 4.2A). Densitometry analysis was performed on the 

Western blot images to obtain quantitative values (Figure 4.2B). 

 

Figure 4.2: Downregulation of Stamp2 expression in human lungs from IPAH patients and 
healthy donors 

(A-B) Western b lot prote in bands and respect ive dens i tometry  analys is shows 
Stamp2 downregulat ion in human PAH lung lysates as compared to heal thy donor  
lungs. β-act in was used as loading contro l for  western b lot ,  and 18s was used as  
the housekeeping gene to normalize the Stamp2 express i on in qPCR. 

 

In order to monitor the regulation of Stamp2 expression upon 

development of PH in mice, we looked at the STAMP2 protein and 

mRNA expression in lung lysates. Protein and mRNA samples from 

lungs of mice kept in normoxia and hypoxia were used. Stamp2 

expression was signif icantly downregulated at both the protein and 
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mRNA levels in lungs of WT mice kept under hypoxia as compared to 

the normoxia control . 

 

 

 

Figure 4.3:  Downregulation of Stamp2 expression in mouse lungs from hypoxia induced PH 
and normoxia controls 

(A-B) Western b lot prote in bands and respect ive dens i tometry  analys is shows 
Stamp2 downregulat ion in hypox ia mouse lung lysates as compared to normoxia 
mouse lungs. β-act in was used as loading control .  

(C) qPCR demonstrat ing  Stamp2 downregulat ion at mRNA level in hypox ia mouse 
lungs in compar ison to normoxia mouse lungs.  18s was used as housekeeping gene 
to normal ize the Stamp2 express ion  in qPCR. 
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Stamp2 expression was also signif icantly downregulated in lungs of 

rats with experimental PH, who were subjected to Sugen/hypoxia as 

compared to control  rats. Stamp2 downregulation was observed at 

both protein and mRNA levels (Fig 4.4). Densitometry analysis was 

performed on the Western blot images to obtain quantitative values. 

 

 

 

Figure 4.4:  Downregulation of Stamp2 expression in rat lungs from Sugen/ hypoxia induced 
pulmonary hypertension 

(A) Western b lots showing Stamp2 downregulat ion in Sugen /hypox ia rat lung 
lysates as compared to normoxia contro l.   β-act in was used as loading contro l .   

(B) Dens i tometry  analysis of  the western b lots  shows a s ignif icant  downregulat ion 
of  Stamp2 in Sugen hypox ia rat lungs  

(C) Signi f icant Stamp2 downregulat ion at mRNA level measured by qPCR, 18s was 
used as housekeeping gene to  normal ize the Stamp2 express ion  in qPCR. 
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4.1.3 Stamp2 is downregulated in left and right mouse ventricles 

upon exposure to hypoxia  

When looking at myocardial t issue in the hypoxia mouse model, t he 

left ventricle (LV) and r ight ventr icle (RV) lysates from mice  kept 

under three weeks of hypoxia showed significantly lower Stamp2 

expression in comparison to the normoxia controls  (Fig 4.5) 

indicating that Stamp2 regulation by hypoxia is not l imited to vascular 

tissue but also involves heart . 

 

 

 

 

Figure 4.5: Stamp2 is downregulated in the left and right mouse ventricles upon exposure to 
hypoxia  

qPCR analysis  showing s igni f icant ly lower Stamp2 mRNA express ion in  lef t  
ventr ic le (LV)  and r ight ventr ic le (RV) lysates  as compared to the normoxia 
controls .  18s was used as housekeeping gene to normal ize the Stamp2 express ion .  
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4.2 Stamp2 deficiency leads to development of hypoxia- 

induced pulmonary hypertension in mice  

4.2.1 Development of higher right ventricular pressure in Stamp2 

KO mice 

In order to determine if and how Stamp2 deficiency in mice leads to 

development of pulmonary hypertension, a hypoxia (10%O2) versus 

normoxia experiment was performed. Mice were kept in hypoxia 

conditions for three weeks and control mice were kept in normox ia. 

After the described t ime point, the RVSP was measured. The WT and 

Stamp2-KO mice kept under normoxia showed no significant 

difference in the RVSP. In contrast, WT mice kept under hypoxia 

showed a significantly higher RVSP (30.36 ± 1.1 mmHg) as compared  

to their respective control normoxia WT mice (23.96 ± 0.7 mmHg)  

(Figure 4.6 A). This confirmed the validity of the experiment and also 

ensured hypoxia as the r ight tool to develop PH in mice. The same 

was observed for the Stamp2-KO mice under hypoxia.  

However, a significant ly more pronounced increase in RVSP (33.24 ± 

0.5 mmHg) was observed in the Stamp2-KO mice kept under hypoxia 

in comparison to the WT counterparts (30.36 ± 1.1 mmHg)  (Figure 

4.6 A). This indicated that absence of Stamp2 leads to enhanced PH 

development in mice.  

During the measurement of RVSP, other hemodynamic parameters 

were also recorded alongside, including the heart rate (HR) and 

systemic arterial blood pressure (SAP). These parameters served as 

control for the RVSP measurements since the measured values for 

HR and SAP remained minutely different among different groups and 

conditions (Figure 4.6 B and C).  
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Figure 4.6: Stamp2 deficiency leads to development of hypoxia induced pulmonary 
hypertension in mice 

(A)  Stamp2-KO mice show signif icant ly h igher RVSP as compared to WT 

(B)  –(C)  WT and Stamp2-KO mice kept under hypox ia and normoxia showed no  
s igni f icant  d i f ference in the systemic arter ia l pressure (SAP) and the hear t 
rate (HR).  
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4.2.2 Right ventricular hypertrophy in normoxia v ersus hypoxia 

exposed mice  

Right ventricular (RV) hypertrophy was determined by calculating the 

weight ratio of the dissected r ight ventr icle and left ventr icle along 

with septum (RV/LV+S). Although a signif icantly higher RVSP was 

recorded for the Stamp2-KO mice under hypoxia in comparison to 

WT, such increase in RV hypertrophy was not observed. While a 

signif icant increase in RV hypertrophy in both WT and Stamp2-KO 

mice under hypoxia was observed in comparison to normoxia , the 

difference between WT and Stamp2-KO under hypoxia was not 

statist ically different (Figure 4.7).  

 

 

 

Figure 4.7: Right ventricular hypertrophy in normoxia and hypoxia exposed mice 

Both WT and Stamp2-KO r ight ventr ic le showed development of  s igni f icant ly  h igher  
degree of  hypertrophy under hypox ia as compared to normoxia contro ls  



                                                                                                                            Results 

80 
 

4.2.3 Stamp2 deficiency leads to higher muscularization in the 

pulmonary arteries  

Hypoxia-induced PH was associated with higher muscularization of 

the pulmonary arteries. The lung vessels from WT and Stamp2 -KO 

mice kept in normoxia and hypoxia were profoundly analysed. 

Vessels showing more than 70% muscularization were considered 

ful ly muscularized (m), compared to part ial ly muscularized (p)  ( less 

than 70% muscularization)  or non-muscularized (n) vessels ( less than 

5% muscularization). Hypoxia-exposed lung vessels were visibly 

more muscularized as compared to the normoxia in both WT and 

Stamp2-KO mice (Figure 4.8 A). Quantitative analysis revealed that 

the hypoxia-induced muscularization of pulmonary vessels was 

signif icantly more pronounced in the Stamp2-KO mice as compared 

to the vessels from WT mice. 90-100 vessels per lung per animal 

were analysed and each group had a minimum 4 mice. Each group on 

the graph represents 400-500 vessels (Figure 4.8 B).  
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Figure 4.8: Muscularization of pulmonary vessels in WT vs. Stamp2-KO mouse lungs exposed 
to normoxia or hypoxia 

(A) Lung t issues from normoxia and hypox ia treated mice were doub le s ta ined for  
endothel ia l ce l ls  and smooth musc le cel ls ,  sta in ing shown in brown and v io le t  
co lour respect ively. Vessels  were v iewed at  400x magni f icat ion  

(B) The smooth muscle cel ls  sta ined vessels analyzed to generate quant i tat ive 
values,  n=non muscular ized vessels) ,  p= part ia l ly  muscular ized  vessels and m= 
fu l ly  muscular ized  vessels  
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4.3 Expression of Stamp2 in different cell types  

In order to study how absence of Stamp2 enhances the development 

of PH and how the inflammation profi le in the lungs is affected upon 

exposure to hypoxia and in absence of Stamp2, i t appeared important 

to analyze the expression of Stamp2 in the distinct cells forming the 

vasculature. These cell types are responsible of secreting 

immunomarkers or for drawing immune reactions which may 

contr ibute to disease development. Thus, i t is imperative to f irst  

assess how Stamp2 expression is regulated in these cell types , and 

how presence or absence of Stamp2 regulates different cellular 

actions in these cell types. Once we established how various cells 

exhibit Stamp2 expression and regulate i t under diseased condit ions 

we were able to fol low the inflammatory action around these cell  

types. 

4.3.1 Stamp2 expression in various human cells  

Various cell types that are part of the vasculature were assessed for 

the Stamp2 expression. In order to confirm whether Stamp2 is 

expressed in these ce lls, the expression was assessed at both 

protein and mRNA levels (Figure 4.9). Stamp2 expression was found 

in al l investigated cell types, which included monocytes, 

macrophages, f ibroblasts, PASMCs, hCAECs, and hMVECs. The 

hCAECs and hMVECs showed signif icantly higher expression as 

compared to the other cell types at the mRNA level. The protein 

expression of Stamp2 was also observed in all cell  types except for 

monocytes. The expression in monocytes appeared too minimal to be 

detected on western blot although mRNA expression was clearly 

seen. The other cell types showed similar expression  levels.  
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Figure 4.9: Expression of Stamp2 in different human cell types 

(A)  mRNA express ion of Stamp2 in RNA from dif ferent  cel l  types was a ssessed 
us ing qPCR, al l  ce l l  types . Monos = THP-1 monocytes, hCAECs = human 
coronary arter ia l endothel ia l ce l ls ,  hFibros = human f ibroblasts, hPASMCs = 
human pulmonary arter ia l smooth musc le cel ls ,  hMVECs = human 
microvascular  endothel ia l  ce l ls .   

(B)  The prote in express ion of Stamp2 was s imi lar  in a l l  ce l l  types except for  
monocytes which showed minimal express ion .  
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4.3.2 Differentiation of human monocytes into macrophages  

As evident in the Figure 4.9 

 

Figure 4.9: Expression of Stamp2 in different human cell types  and 

4.10, the THP-1 monocytes showed no Stamp2 expression at protein 

level in comparison to other cells of the vasculature but th e 

expression was clearly visible  at the mRNA level  (Figure 4.9 A). The 

monocytes were then differentiated into macrophages using PMA. 

The differentiated monocytes showed significantly higher Stamp2 

expression at the mRNA level, and now expressed higher and 

detectable protein levels in comparison to monocytes as shown in 

Figure 4.10. 

 

 

 

Figure 4.10: Expression of Stamp2 in the THP-1 monocytes and THP-1 monocyte-differentiated 
macrophages 
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(A)  mRNA express ion of Stamp2 is low in THP-1 monocytes as compared to  
THP-1 monocytes der ived macrophages .  

(B)  Western b lot showing h igher Stamp2 expression in THP -1 monocytes der ived 
macrophages as compared to the THP-1 monocytes.  

4.3.3 Stamp2 expression in various mouse  cells  

In addit ion to human cells, various mouse cell types were also 

analyzed for Stamp2 expression at mRNA and protein levels.  Here, 

Stamp2 was detected in PASMCs, macrophages, and f ibroblasts 

(Figure 4.11). These cell types were selected considering the fact 

that most experiments used these cells and it ensured that the cells 

in question do express Stamp2. Notably, PASMCs and macrophages 

showed relatively higher Stamp2 expression as compared to 

fibroblasts.  

 

 

 

Figure 4.11: Stamp2 expression in different mouse cells  

Selected cel ls including macrophages, PASMCs and f ibroblasts  showed Stamp2 
express ion. The Stamp2 protein showed express ion both at prote in level as shown 
by western b lot (A)  and mRNA level  measur ed by qPCR (B)  
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4.4 Stamp2 regulation in vascular cells under hypoxia  

4.4.1 Stamp2 is downregulated in hMVECs after exposure to 

hypoxia 

Human microvascular endothelial cells  were subjected to 24, 48, and 

72 hours of hypoxia. The 0 hour time point represented the control 

condition of normoxia. Exposure to hypoxia resulted in  

downregulat ion of Stamp2 expression, and the expression level was 

minimal after 72 hours of hypoxia at both protein and mRNA levels 

(Figure 4.12). This confirms that exposure to hypoxia affects Stamp2 

expression in this crucial cell type formulating the vasculature in 

humans. Our earl ier results have established that lack of Stamp2 

along with hypoxia leads to a higher degree of muscularization. This 

experiment showed that lack of proper oxygenation correlates with 

diminished expression of Stamp2. 
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Figure 4.12: Stamp2 is downregulated in human microvascular endothelial cells (hMVECs) after 
exposure to hypoxia 

A) Western b lot showing Stamp2 downregulat ion in hMVECs af ter  72 hours of  
hypox ia as compared to the 0 hour hypoxia control ,  β-act in was used as the loading 
control .  

B) qPCR analysis showing s igni f icant ly lower Stamp2 mRNA express ion in  
(hMVECs)  af ter  72 hours of  hypox ia as compared to the 0 hour hypox ia 
control .18s was used as the housekeeping gene to normal ize the Stamp2 
express ion.  
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4.4.2 Stamp2 is downregulated  after exposure to hypoxia  in human 

and mouse PASMCs  

Human and mouse PASMCs subjected to 24, 48, 72 versus 0 hours of 

hypoxia were uti l ized to analyse the regulation of Stamp2 expression. 

Hypoxia in a time-dependent manner led to decrease in Stamp2 

expression at the protein and mRNA levels in both human and mouse 

cells (Figure 4.13). PASMCs are one of the most important cells 

involved in the development of increased pulmonary vascular 

resistance by actions of proli feration and apoptosis  resistance, and 

the results shown here demonstrate that these cells regulate Stamp2 

expression upon hypoxia exposure. 
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Figure 4.13: Stamp2 is downregulated in human and mouse PASMCs after exposure to hypoxia 

(A-B) Western b lot showing Stamp2 downregulat ion in mouse PASMCs after 72 
hours of hypox ia,  qPCR analys is showing s igni f icant ly lower Stamp2 mRNA 
express ion in  mouse PASMCs after  72 hours of  hypox ia  

(C-D) Western b lot showing Stamp2 downregulat ion in human PASMCs af ter 48 
hours of hypox ia, qPCR analys is showing s igni f icant ly lower Stamp2 mRNA 
express ion in  mouse PASMCs after  72 hours of  hypox ia  
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4.4.3 Stamp2 is downregulated in mouse macrophages after exposure 

to hypoxia 

Peritoneal macrophages from WT mice were subjected to 0, 24, 48 

and 72 hours of hypoxia. Stamp2 expression under hypoxia was 

measured at the mRNA and protein levels by qPCR and western blot 

analysis. After 48 and 72 hours, a significant downregulation in 

Stamp2 expression was observed at both mRNA and protein levels 

(Figure 4.14).  

 

Figure 4.14: Downregulation of Stamp2 in mouse macrophages under hypoxia 

(A)  Western b lot showing Stamp2 downregulat ion in mouse macrophages after  
48 and 72 hours  of  hypox ia.  β-act in was used as the loading contro l  

(B)   Dens i tometry  analys is  for  the western b lot  bands sown in (A)   

(C)   qPCR analys is showing s igni f icant ly lower Stamp2 mRNA express ion in  
mouse macrophages af ter  72 hours of  hypox ia as compared to the 0 hour  
hypox ia contro l.  18s was used as the housekeeping gene to normal ize the 
Stamp2 express ion  
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4.5 Stamp2 deficiency leads to elevated pulmonary 

inflammation 

4.5.1 Stamp2 absence leads to accumulation of CD68 positive cells in 

the vessels  

CD68+ staining was performed on lung sections from mouse lungs 

kept for three weeks in hypoxia or normoxia. The hypoxic  Stamp2-KO 

mouse lung sections showed much stronger staining as  compared to 

hypoxic WT lungs. The WT and Stamp2-KO normoxia control lung 

sections showed relatively less staining  (Figure 4.15).  

 

 

 

Figure 4.15: Immunohistochemical staining for CD68+ cells in WT and Stamp2-KO mouse lungs  

Immunosta in ing of WT and Stamp2-KO mouse lung sect ions was performed to 
observe CD68+ sta in ing . Stamp2-KO mouse lung sect ions showed stronger  sta in ing 
in h igher number of  vesse ls as compared and normoxia contro l.  
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In order to obtain quantitative data, equal numbers of positively 

stained vessels were counted from each lung and the stained area 

was measured for each vessel. Quantitative analysis revealed a  

hypoxia-induced increase of CD68+ cells in both genotypes, and a 

signif icantly higher number of positively stained vessels for CD68+ 

for hypoxia Stamp2-KO lung sections as compared to the hypoxia WT 

lung sections (Figure 4.16).  

 

 

 

 

Figure 4.16: schematic graph showing CD68+ staining in WT and Stamp2 KO mouse lungs 

Stamp2-KO mouse lungs show s igni f icant ly h igher number of pos i t ive ly sta ined 
vessels  for  normoxia and hypox ia as compared to WT  
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4.5.2 Double staining of mouse lungs to identify CD68+ stained cell  

type 

In order to identify which cell type is exactly being stained for CD68 

and to separate smooth muscle cells from the rest, double staining 

was performed for CD68+ cells and smooth muscle actin (SMA). 

Brown colour represents SMA, and violet/red colour represents 

CD68+ staining. As shown in Figure 4.17, the hypoxia Stamp2-KO 

lung sections showed stronger CD68+ staining then WT. The double 

staining showed another layer of CD68+ cells on top of smooth 

muscle cells stained which is different from the smooth muscle cells 

which are stained brown. 

 

Figure 4.17: Double staining of WT and Stamp2-KO mouse lungs to observe CD68+ cells and 
smooth muscle cells 

Stamp2-KO mouse lung showed higher s ta in ing  as compared and normoxia and the 
CD68+ cel ls (v io let co lour)  appears  to be present  on top of  smooth musc le cel ls  
(brown colour) ,  vessels were v iewed at  400x magni f icat ion.  
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4.5.3 Cytokine expression in Stamp2-KO mouse lung is increased  

Development of PH is known to be associated with an increase in 

inf lammation; this was further observed in the lungs of mice which 

developed PH in comparison to control healthy mice.  Once higher 

CD68+ staining in Stamp2-KO mouse lungs was observed it made 

sense to look into the inflammation profi le of these mouse lungs.  

To this end, mouse lung lysates were prepared form lungs of mice 

which were kept for three days and three weeks under hypoxia. The 

mRNA expression of the cytokines was measured using quantitative 

PCR. Lysates isolated from normoxia and hypoxia-exposed Stamp2-

KO mouse lungs showed higher expression of inflammatory cytokines 

as compared to the control WT lung lysates. The differences were 

much more pronounced after three weeks of hypoxia  as compared to 

the three day hypoxia exposure. Signif icantly higher expression was 

particularly observed for the cytokines IL-1β, IL-6, MCP-1, and TNFα 

(Figure 4.18). 
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Figure 4.18: Stamp2 deficiency leads to elevated pulmonary inflammation 

RNA from Stamp2-KO and WT mouse lungs from hypox ia and normoxia exposed 
mice was used for qPCR; the Stamp2-KO mouse lungs showed s igni f icant ly  h igher  
mRNA expression of IL -1β (A), IL-6 (B),MCP-1 (C) and TNF-α (D). Two di f ferent  
hypox ia exposure t ime points of three days (3d) and three weeks (3w) were used 
and 0 hours of hypox ia was used as the contro l .   
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4.5.4 Stamp2 deficiency leads to higher Endothelin -1 (ET-1) 

expression 

Stamp2-KO mouse lung lysates from mice subjected to three weeks 

of hypoxia showed signif icantly higher ET-1 expression as compared 

to hypoxic WT mouse lungs (Figure 4.19). Interestingly, this marked 

difference was only observed under hypoxic conditions.  ET-1 is a 

known contributing factor to the development of PH and is also 

known to contribute to vascularisation and vessel wall thickening, 

suggesting that regulation of ET-1 is relevant in this context . 

 

 

 

 

Figure 4.19: Endothelin-1 (ET-1) expression in WT vs Stamp2-KO mouse lungs 

mRNA from WT and Stamp2-KO mouse lungs kept in hypox ia and normoxia  was 
used for qPCR, I t  shows higher mRNA express ion of Endothel in-1 (ET-1) in  
Stamp2-KO as compared to the WT contro l .   



                                                                                                                            Results 

97 
 

4.6 Stamp2 deficiency leads to increased general 

inflammation 

4.6.1 Effect of hypoxia and Stamp2 deficiency on the concentration 

of ET-1 in mouse serum 

Serum was isolated from Stamp2-KO and WT mice kept for three 

weeks under hypoxia and normoxia. Serum taken from hypoxia-

exposed Stamp2-KO mice showed slightly but signif icantly higher ET-

1 concentration as compared to hypoxia-exposed WT mice (Figure 

4.20), whereas no signif icant differences were found among normoxia 

exposed WT and Stamp2-KO animals.  

 

 

 

Figure 4.20: Stamp2 deficiency leads to slightly higher Endothelin-1 (ET-1) concentration in 
serum 

The express ion of ET-1 was signi f icant ly h igher in the serum of  Hypoxia treated 
Stamp2-KO mice as compared to the WT mice. Hypox ia t ime point of three weeks 
was used and 0 hours  of  hypox ia served as the contro l .  
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4.6.2 Stamp2 deficiency does not affect IL -6 levels in mouse serum 

Serum isolated from mice was used to assess IL -6 concentrations. 

The serum from hypoxic Stamp2-KO mice showed sl ightly higher IL-6 

concentration as compared to that from hypoxic WT mice but this 

difference was not statistically signif icant  (Figure 4.21). Likewise, no 

signif icant difference in IL-6 concentrations was observed among the 

WT and Stamp2-KO normoxia controls.  

 

 

 

Figure 4.21: Stamp2 deficiency does not affect IL-6 levels in mouse serum under hypoxia 

The prote in express ion of  IL-6 was measured us ing ELISA, s l ight ly h igher but not 
s igni f icant ly  d i f ferent IL -6 express ion was observed in serum from Stamp2-KO mice 
serum kept under hypox ia.  
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4.7 Effect of Stamp2 deficiency on cellular actions  

In order to evaluate how Stamp2 deficiency may contribute to the 

development of PH, we explored its effect on various cellular actions 

such as proliferation, migration and apoptosis/viability in relevant cell  

types (SMCs, ECs). 

4.7.1 Effect of Stamp2 deficiency on PASMC proliferation  

PASMCs were isolated from WT and Stamp2-KO mice and were used 

for further experiments after mult iple healthy passages. PASMCs 

from both genotypes were incubated with starvation medium and 

normal growth medium to study proliferation using a BrdU 

incorporation kit.  Upon stimulation with FCS, Stamp2-KO PASMCs 

showed no signif icantly different proli feration in comparison to WT 

PASMCs (Figure 4.22). 

 

 

Figure 4.22: Effect of Stamp2 deficiency on PASMCs proliferation 

FCS-dependent pro l i ferat ion (as assessed by BrdU incorporat ion) of WT and 
Stamp2-KO PASMCs showed no s ignif icant d if ference in the absence and presence 
of  normal growth medium  
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4.7.2 Effect of IL-6 and hypoxia on WT and Stamp2-KO PASMCs 

proliferation 

As Stamp2 deficiency had no significant effect on FCS-dependent 

PASMCs proliferation under basal conditions, we next explored the 

potential impact of IL-6 and hypoxia. Stamp2 deficiency had no 

signif icant effect on FCS and IL-6 dependent PASMCs proliferation 

under basal conditions of normoxia (Figure 4.23 A). However, under 

hypoxic condit ions both FCS and IL-6 induced PASMC proliferation in 

both genotypes, and the effect of FCS was significantly more 

pronounced in Stamp2-KO PASMCs as compared to WT cells, 

whereas no significant difference was observed in case o f IL-6 

(Figure 4.23 B).  
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Figure 4.23: Effect of FCS20% and IL-6 on WT and Stamp2-KO PASMCs proliferation under 

hypoxic conditions 

(A)  WT and Stamp2-KO PASMCs did not show signi f icant d if ference in FCS and 
IL-6 mediated pro l i ferat ion  under normoxia condit ions.  

(B)  Stamp2-KO PASMCs show s igni f icant ly h igher  pro l i ferat ion rate in response 
to FCS as compared to WT PASMCs under hypox ia , whereas s imi lar  
responses were not  observed for IL-6.  
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4.7.3 Stamp2 gene silencing in human microvascular endothelial  

cells  (hMVECs) using siRNA 

In hMVECs, gene si lencing by siRNA was used in order to induce 

Stamp2 deficiency. Suff icient Stamp2 silencing was observed after 72 

hours of incubation with siRNA, which was confirmed by qPCR and 

Western blott ing (Figure 4.24). 

 

 

 

Figure 4.24: Stamp2 siRNA sufficiently induced gene silencing in hMVECs 

The hMVECs showed signi f icant  downregulat ion of Sta mp2 express ion af ter  72  
hours of incubat ion wi th the 10  nm s iRNA. Scrambled s iRNA was used as contro l to 
ensure zero error .(A)  Gene s i lencing at prote in levels was conf i rmed v ia Western 
b lot ,  (B) Effect ive downregulat ion was observed at  mRNA level us ing qPCR 
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4.7.4 Cell death detection of human microvascular endothelial cells 

(hMVECs) 

Once the successful gene silencing of Stamp2 was achieved by using 

siRNA, these cells were used as Stamp2-deficient hMVECs. The 

untreated hMVECs acted as WT control. All experiments included a 

scrambled siRNA control as well. The hMVECs showed no signif icant 

difference in cell death rate upon silencing of the Stamp2 gene. 

Stamp2 siRNA treated hMVECs showed a trend towards higher 

apoptosis rate which was however not statist ically significant as 

compared to the scrambled siRNA control  (Figure 4.25). Hence, gene 

silencing of Stamp2 did not show any signif icant effect on the 

apoptotic activity of these cells.  

 

 

Figure 4.25: Apoptosis assay (cell death detection ELIZA) showing hMVECs cell death in the 
presence or absence of Stamp2  

Upon Stamp2 siRNA mediated Gene si lenc ing hMVECs showed a trend towards 
h igher apoptos is (stat ist ica l ly  ins ignif icant) ;  scrambled s iRNA was used as contro l .   
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4.7.5 Cell viability detection of human microvascular endothelial 

cells  (hMVECs) 

Similar to the above experiments, hMVECs were also subjected to 

cell viabil ity assays under the influence of s iRNA downregulated 

Stamp2. Stamp2 siRNA-treated cells did not show a signif icantly 

lower viabil ity as compared to the scrambled siRNA control  (Figure 

4.26). Although a trend towards lower viability was observed in 

Stamp2 siRNA-treated hMVECs, there was no statist ically significant 

difference. These findings indicate that downregulation of Stamp2 

does not impact cellular death/viabil ity of hMVECs, thus the impact of 

Stamp2 on PH is achieved by action of other cells.  

 

 

 

Figure 4.26: Viability assay showing hMVECs viability upon Stamp2 gene silencing 

Gene s i lenc ing was performed by us ing Stamp2 s iRNA, whereas scrambled SiRNA 
served as contro l.  hMVECs showed a trend towards h igher  v iabi l i ty  upon Stamp2 
si lenc ing.  
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4.8 Effect of WT and Stamp2-KO macrophage supernatant 

on PASMCs migration 

In order to explore potential paracrine effects and cellular cross -talk 

involving inflammatory and vascular cells, we next evaluated the 

effect of macrophage supernatant form WT or Stamp2-deficient mice 

on PASMC cellular responses.   

When supernatant from WT and Stamp2-KO macrophages was used 

for induction of PASMC migration using a scratch assay, we observed 

an almost complete cover of the scratch after 24 hours in the 

presence Stamp2-KO macrophage supernatant. The scratch cover 

could be visually observed very clearly and was later quantified 

indicating higher migration of PASMCs in presence of Stamp2-KO 

macrophage supernatant (Figure 4.27A).  

The quantitative analysis after measuring the scratch area shows 

signif icantly higher migration of mouse PASMCs induced by Stamp2-

KO macrophage supernatant as compared to WT (Figure 4.27B). 

Posit ive and negative controls with and without cell  growth media 

were included in al l scratch assay experiments.  
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Figure 4.27: Stamp2-KO macrophage supernatant causes significantly higher mouse PASMCs 
migration compared to WT macrophage supernatant 

The FCS contro ls showed minimal migrat ion of PASMCs after 24  hour , supernatant  
from both WT and Stamp2-KO macrophages induced migrat ion but the Stamp2 -KO 
macrophages induced signi f icant ly h igher migrat ion as shown by scratch area 
covered by PASMCs af ter  24 hours of  incubat ion . In F ig A) the migrat ion of ce l ls  
can be v isual ly seen and F ig B)  shows the quanti tat ive values based gra ph.  

A) 

B) 
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4.9 Impact of Stamp2 on the cytokine profile 

In order to get an insight into the factors present in the Stamp2 -KO 

supernatant which may be responsible for the higher PASMC 

migration rate, a cytokine profi l ing experiment  was performed. 

Supernatant samples from WT and Stamp2-KO macrophage were 

used to identify the expressed cytokines. 

 A number of cytokines were detected which were differential ly 

expressed in the macrophages supernatant  from both genotypes. 

Among the differentially expressed cytokines, MCP-1 and CXCL12 

showed a remarkable difference, with substantially higher levels in 

supernatant from Stamp2 deficient cells (Figure 4.28).  

 

 

 

Figure 4.28: Mouse cytokine array of macrophage supernatant from WT and Stamp2-KO mice 

Supernatant from WT and Stamp2-KO macrophages was screened for di f ferent ial ly  
expressed cytok ines v ia cytok ine prof i l ing .  MCP-1 and CXCL12 along wi th other  
cytok ines showed a s igni f icant  di f ference among genotypes.  
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4.9.1 Expression of CXCL12 in absence of Stamp2  

Earlier we looked at differential expression of various cytokines in 

the lungs of WT and Stamp2-KO mice. It was shown that absence of 

Stamp2 leads to higher inflammation and thus higher expression of 

cytokines including IL-6, IL-1β, MCP-1, TNF-α and ET-1.  

The cytokine array then revealed that CXCL12 was highly present in 

the supernatant of Stamp2-deficient mice. We therefore specifically  

studied the impact of Stamp2 deficiency on CXCL12 expression in 

lung t issue. Lungs from WT and Stamp2-KO mice kept under hypoxic 

(three days and three weeks) or normoxic condit ions were used to 

perform qPCR analysis and analyze CXCL12 expression. Intriguingly,  

these data showed that CXCL12 expression – although similar  under 

normoxia – was significantly higher in absence of Stamp2 for both 

time points of hypoxia exposure, with only minimal changes in WT 

(Figure 4.29).  
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Figure 4.29: Stamp2 deficiency leads to higher CXCL12 expression under hypoxia 

RNA from Stamp2-KO and WT mouse lungs from (hypox ia and normoxia exposed ) 
mice were used for qPCR; the Stamp2-KO mouse lung showed s igni f icant ly h igher  
mRNA express ion of  CXCL12 .  

 

4.10 Effect of cytokines on PASMCs migration  

Since supernatant from Stamp2-KO macrophages induced a more 

pronounced PASMC migration when compared to WT, and a number 

of cytokines were identified in the cytokine array, we next aimed at 

exploring the biological relevance of dist inct cytokines in this context.  

Therefore, we evaluated how each of these cytokines individually and 

collectively affects the migration rate of PASMCs. A series of 

experiments was thus performed using mouse PASMCs and treating 

these with individual and combined cytokines (IL-6, MCP-1 and 

CXCL12). Condit ioned media with cytokines along with respective 

cytokine neutral izing antibodies was also used. All the experiments 

were performed within 24 hours of incubation. Respective control  
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conditions with starvation and normal growth medium were also 

included. 

4.10.1 Effect of IL-6 on mouse PASMCs migration 

Migration of mouse PASMCs was measured by performing a scratch 

assay. IL-6 induced considerable migration of mouse PASMCs which 

was visually observed and photographed (Figure 4.30A).   

The quantitative values were recorded after measuring the scra tch 

area before and after incubation with IL -6, and neutralizing antibody.  

These data confirm the signif icantly higher migration of mouse 

PASMCs in the presence of IL-6; whereas the use of IL-6 neutralizing 

antibody effectively prevented migration  (Figure 4.30B). While 

conducting the experiments , 0 and 10% FCS were used as negative 

and positive controls.  
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Figure 4.30: IL-6 induces migration in mouse PASMCS 

 (A) F igure shows cel ls moving to cover the scratch in indiv idual wel ls .  (B) Scratch 
covered area values shown in graph for indiv idual incubat ion condit ions. IL -6 leads 
to s ignif icant ly h igher PASMCs migrat ion .  
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4.10.2 Effect of CXCL12 on mouse PASMCs migration  

Migration of mouse PASMCs was measured by performing a scratch 

assay. Like IL-6, CXCL12 also induced considerable migration of 

mouse PASMCs (Figure 4.31A). 

The quantitative values after calculating the scratch area confirm 

signif icantly higher migration of mouse PASMCs in the presence of 

CXCL12, which was reversed by neutral izing antibody and appeared 

more pronounced in comparison to IL-6 (Figure 4.31B). This shows 

individual cytokines have varying degree of effects on these cellular 

actions. While conducting the experiments 0 and 10% FCS were used 

as negative and posit ive controls.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                            Results 

113 
 

 

 

 

 

Figure 4.31: CXCL12 induces migration in mouse PASMCs 

The PASMCs showed signi f icant scratch cover after  24 hours of CXCL12 induct ion.  
The migrat ion was ef fec t ive ly prevented by us ing CXCL12 neutra l izing ant ibody.  
Figure A) shows cel ls  moving to cover t he scratch in indiv idual  wel ls;  F igure B) 
shows Quant i ta t ive  values for  Scratch covered area  
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4.10.3 Effect of MCP-1 on mouse PASMCs migration  

Migration of mouse PASMCs was again measured by performing a 

scratch assay. As shown in Figure 4.32, MCP-1 also induced 

considerable migration of mouse PASMCs, which appeared of similar 

extent as the CXCL12 response. While conducting the experiments, 0 

and 10% FCS were used as negative and posit ive controls.  
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Figure 4.32: MCP-1 induces migration in mouse PASMCs 

The PASMCs showed signi f icant scratch cover af ter  24 hours of MCP -1 induct ion.  
The migrat ion was ef fec t ive ly prevented by using MCP -1 neutra l izing ant ibody.  
Figure A) shows cel ls  moving to cover the scratch in indiv idual  wel ls;  F igure B) 
shows Quant i ta t ive values for  Scratch covered area  
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4.10.4 Effect of all cytokines combined on mouse PASMCs migration  

Since effective migration of mouse PASMCs was measured by 

performing scratch assays using cytokines individually, we next 

evaluated their combined effect.  

 A cytokine cocktail containing all  three cytokines (MCP-1, CXCL12 

and IL-6) combined was used, which induced very robust migration of 

mouse PASMCs which was completely reversed by a mixture of 

neutralizing antibodies (Figure 4.33). While conducting the 

experiments, 0 and 10% FCS were used as negative and posit ive 

controls. 
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Figure 4.33: Combined cytokines induce migration in mouse PASMCs 

The PASMCs showed highly s igni f icant  scratch cover  after  24 hours of  a l l  cy tokines 
combined (MCP-1+CXCL12+IL-6) induct ion. The migrat ion was effect ive ly 
prevented by us ing neutra l izing ant ibodies  combined for a l l  the respect ive 
cytok ines. F igure A) shows cel ls moving to cover the scratch in indiv idual wel ls;  
Figure B) shows Quanti tat ive values fo r Scratch covered area  
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4.11 Effect of all cytokines neutralizing antibodies combined 

on macrophage mediated mouse PASMCs migration  

Once all cytokines individually and collectively exhibited strong 

migration of PASMCs which was effectively prevented using thei r 

respective neutral izing antibodies, we tested the effect of these 

neutralizing antibodies on the macrophage supernatant from WT and 

Stamp2-KO mice. As shown already in Fig 4.27 the supernatant from 

both WT and Stamp2-KO macrophages induced PASMCs migration, 

we decided to test these antibodies against the macrophage 

supernatant 

As demonstrated in Figure 4.34, the combination of neutralizing 

antibodies against MCP-1, CXCL12 and IL-6 largely prevented 

PASMCs migration upon macrophage supernatant st imulation from 

both genotypes. Hence, these data indicate that the identif ied 

cytokines are indeed few of  the main mediators of macrophage 

supernatant induced PASMC migration.  
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Figure 4.34: combined cytokines neutralizing antibodies prevent migration in mouse PASMCs 

The PASMCs showed signi f icant prevent ion of scratch cover after  24 hours of  
combined cytok ines (MCP-1+CXCL12+IL-6)  neutra l izing ant ibodies  with WT and 
Stamp2-KO supernatant induct ion. Figure  A) shows photos of ce l ls  and the scratch 
in indiv idual  wel ls.  In Figure B) Scratch covered area values are shown in graph for  
indiv idual incubat ion condit ions.  NAB=neutra l izing ant ibody  
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When interpreting the results of the scratch assays, it  is important to 

note that al l  scratch assays were performed along with control 

conditions to ensure no other factors apart from chosen inducers 

imparted any effect.  

The cells were cultured with starvation medium and normal medium  

to ensure how presence of growth factors affects the migration of 

cells. PASMCs were cultured with and without the control antibody to 

confirm that its presence has no effect on pattern of cell  migration in 

both starvation medium and growth medium condit ion. Cells cultured 

in starvation medium showed quiet  low cell migration in comparison 

to normal growth medium. These control conditions are shown in 

Figure 4.35. 
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Figure 4.35: Control conditions for scratch assays 

Al l scratch assays were per formed along wi th contro l condi t ions of  0%FCS and 
10%FCS, also both FCS concentrat ions  were used wi th and wi thout contro l  
ant ibody.  
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4.12  Effect of WT and Stamp2-KO macrophage supernatant 

on mouse PASMCs proliferation 

As PASMC proliferation along with migration is an important cellular 

action imparting vascular remodelling, we also assessed the impact 

of supernatant from Stamp2-KO or WT macrophages on this cellular 

response. To this end, BrdU incorporation assays were performed. 

PASMCs show signif icantly higher proliferation in the presence of 

Stamp2-KO macrophage supernatant as compared to WT 

macrophage supernatant, both under normoxic and hypoxic 

conditions (Figure 4.36).  

 

 

 

Figure 4.36:  Effect of WT and Stamp2-KO macrophage supernatant on PASMCs proliferation 

Mouse PASMCs showed signif icant ly h igher prol i ferat ion in the presence of  
supernatant col lec ted from Stamp2-KO macrophages under  both normoxic  (A) and 
hypox ic (B) condit ions.  The 0% and 10% FCS were used as negat ive and posat ive  
controls .   
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4.13 Effect of cytokines on PASMCs Proliferation 

After studying the effects of individual and combined cytokines on 

PASMCs migration, the same condit ions were used to study PASMCs 

proliferation. 

4.13.1 Effect of IL-6 on PASMCs proliferation  

IL-6 previously showed effective PASMCs migration. Contrary to 

these results, IL-6 did not show any significant effect on PASMCs 

proliferation under normoxic conditions, and only a mild trend under 

hypoxia (Figure 4.37).  

 

 

 

 

Figure 4.37: Effect IL-6 on PASMCs proliferation 

Mouse PASMCs showed no s igni f icant ly h igher pro l i ferat ion in the presence of IL -6 
under both normoxia (A) and hypox ia (B)  condi t ions  
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4.13.2 Effect of combined cytokines and respective neutralizing 

antibodies on mouse PASMCs proliferation  

The combination of cytokines and their respective neutral izing 

antibodies were also used for studying mouse PASMCs proliferation. 

All similar cytokines used for studying migration behaviour of the 

PASMCs were used to study proli feration. As shown earl ier, IL-6 

induced effective cell migration in PASMCs but failed to do so 

regarding proli feration. In order to create an even more effective IL -6 

action hypoxia conditions were also established along with the 

cytokine induction but even that fai led to cause signif icant increase 

in proliferation, indicating that IL-6 has more pronounced effects on 

PASMCs migration rather than proliferation.  

Since IL-6 did not induce an effective proliferation, we focussed on 

the combination of MCP-1 and CXCL12 and did not include IL-6. 

These cytokines used individually as well as in combination were 

found to magnify the proliferation in PASMCs under normoxic 

conditions, which was partly rescued by adding the respective 

neutralizing antibodies (Figure 4.38).  These results are similar to the 

high proli feration rate which was observed by using WT and Stamp2-

KO macrophages supernatant . 
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Figure 4.38: Mouse PASMCs proliferation in the presence of MCP-1 and CXCL12 and their 
respective neutralizing antibodies 

Indiv idual and combinat ion usage of MCP-1 and CXCL12 (100 ng/ml)  caused h igher 
pro l i ferat ion in mouse PASMCs; t he high pro l i ferat ion was signif icant ly  reduced by 
us ing respect ive neutra l izing ant ibodies  (5 µg/ml) ,  NAB=neutral izing ant ibody .  
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4.14 Effect of selected neutralizing antibodies on mouse 

macrophage mediated mouse PASMCs proliferation  

Once it was established that MCP-1 and CXCL12 were inducing 

PASMC proliferation similar to Stamp2-KO macrophage supernatant, 

neutralizing antibodies against MCP-1 and CXCL12 along with 

macrophage supernatant from WT and Stamp2-KO mice were tested. 

The neutralizing antibodies did suppress supernatant-induced 

PASMC proliferation, and this suppression was stronger when the 

neutralizing antibodies were applied in combination rather than 

individually (Figure 4.39).  This effect was observed for both WT and 

Stamp2 KO macrophages supernatant induced proliferation.  

The MCP-1 and CXCL12 neutral izing antibodies alone did not show a 

signif icant reduction in WT macrophage supernatant induced 

proliferation, whereas a combination of both caused a signif icant 

suppression of proliferation. For Stamp2-KO macrophage 

supernatant, MCP-1 neutralizing antibody did not suppress PASMCs 

proliferation, but the neutralization of CXCL12 caused signif icant 

suppression in proli feration. Similar effect was observed by using a 

combination of both neutral izing antibodies. These findings create a 

link between macrophage supernatant induced proliferation and the 

role of these particular cytokines along with other chemokines 

responsible for these effects.  

It is interesting to note that the cellular actions responsible for 

morphological changes in the vasculature are regulated by these 

cytokines which appear to be regulated by Stamp2 and hypoxia, and 

this suggests a link between inflammatory cells and the vascular wall .  

These changes appear to be relevant for  development as well as the 

progression of PAH, and thus are an important finding in developing 

a broader understanding of the pathobiology of the disease and 

treatment strategies. 
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Figure 4.39: Effect of selected neutralizing antibodies on WT and Stamp2-KO macrophages 
supernatant induced mouse PASMCs proliferation 

The neutra l izing ant ibodies for  MCP-1 and CXCL12 suppressed the pro l i ferat ion  in 
mouse PASMCs and th is suppress ion was stronger when ant ibodies were used in  
combinat ion, NAB= neutra l izing ant ibody.  
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5 Discussion 

This study demonstrates that Stamp2 exerts anti-inflammatory 

properties, which are linked to a protective role against PH in animal 

model and human disease. Due its ability to be regulated by an 

imbalance in inf lammation, Stamp2 can mark the onset and 

progression of disease. 

Our results published already (Batool et al. 2020)  demonstrate that  

Stamp2 expression is downregulated in pulmonary vascular cells 

under hypoxic condit ions in vitro .  Also we were able to select some 

active chemokines up-regulated upon Stamp2 downregulation and/or 

absence and this is in line with previous f indings where along with IL -

6 and TNF-α, MCP-1 and CXCL12 have been shown to play a role in 

development of vascular remodell ing and human PH (McCullagh et 

al. 2015, Schlosser et al. 2017, Sikkeland et al. 2012). In our study, 

lack of Stamp2 promoted the development of PH in mice and its 

expression was diminished upon progression of disease in both 

experimental  and human PAH. This observation coupled with the 

finding that Stamp2 expression increases upon exposure to 

inf lammatory cytokines thereby connecting it  to inflammation and 

immune responses (Scarl et al. 2017). This suggests a connection 

between the inflammatory profile and disease development coupled 

with Stamp2 regulation and puts forward a protective role of Stamp2 

against the advancement of PH. 

5.1 Stamp2 absence results in overt inflammatory response 

Stamp2 absence has been associated with enhanced inflammation, 

whereas its presence appears to be required for a balanced 

inflammatory profi le. Many diseases and aggravated disease states 

have been connected to absence of Stamp2 (Sikkeland et al. 2016, 

Waki and Tontonoz 2007) . In our study, we were able to further 
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confirm and elaborate these f indings. We found that absence of 

Stamp2 causes high expression of a number of inf lamma tory 

mediators, such as MCP-1, IL-1β, IL-6, TNF-α, CXCL12 and ET-1. All 

these cytokines are implicated in vascular remodeling (Grudzinska et 

al. 2013), (Knobloch et al. 2016, Steiner et al. 2009, Kherbeck et al. 

2013, Yang et al. 2014). In patients with IPAH, elevated circulating 

levels of IL-6, TNF-α and MCP-1 have been reported (Itoh et al. 

2006). ET-1 is a known vasoconstrictor, has also been shown to 

promote cell proli feration and vascular remodeling , and has been 

associated with various forms of cardiovascular disease and PH in 

particular (Sikkeland et al. 2012,  Sanchez et al. 2014, Schiffr in 

2001). 

The results reported herein put Stamp2 in a crit ical perspective of 

balancing and affecting immune regulation , thereby tailoring 

procedures which are in turn affected by immune dysregulation. It  is 

known that development and progression of a number of 

cardiovascular diseases is not only worsened but also preceded by 

elevated inflammation. Studies have proven that cells from 

pulmonary vasculature and inflammatory cells are the prime sources 

of cytokines and inflammation (Rabinovitch et al. 2014). Keeping in 

view this background, in our study the expression of cytokines was 

assessed at the mRNA level using qPCR, as protein expression for 

the cytokines in the lung tissue was too low to be detected by 

western blott ing, using the available antibodies. We also quantif ied 

expression of IL-6 and ET-1 in serum from hypoxia and normoxia 

exposed mice from WT or Stamp2-KO genotypes. These findings 

show signif icantly higher  ET-1 expression in serum of hypoxic 

Stamp2-KO animals, while IL-6 showed a trend towards higher 

expression which was however, not significant. IL-6 is also a pro-

inflammatory cytokine with an active role in PH. High expression of 

IL-6 in lungs along with other cytokines is known to promote the 
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development of PH (Savale et al. 2009). High serum IL-6 levels in 

PAH patients has also been reported. Blocking the IL-6 receptor 

helped resolve hypoxia induced PH in a mouse model, indicating that 

IL-6 is important in PH (Hashimoto-Kataoka et al. 2015).  

CXCL12 and MCP-1 both showed highly pronounced expression in 

the supernatant from macrophages in the cytokine array, which was 

even higher in supernatant from Stamp2-KO macrophage cells. 

Recent studies have shown that the pro-inflammatory and pro-

angiogenic cytokine CXCL12 has an important role in PH 

pathogenesis. High CXCL12 levels have been recorded in the plasma 

of PAH patients and these higher CXCL12 levels were related with 

reduced survival in these patients (Wei et al. 2015). Another study 

has shown a three to four fold higher CXCL12 protein expression in 

lungs of idiopathic PAH patients as compared with healthy subjects. 

Higher circulating levels as well as higher protein expression of 

CXL12 in the lungs of animal models with established PH (SuHx and 

MCT) were also observed and CXCL12 neutralization using 

neutraligands not only improved the hemodynamic parameters but 

also improved the lung and cardiac structure in the PH animal models 

(Bordenave et al. 2020). These f indings are consistent with the 

higher CXCL12 expression we observed in Stamp2-KO mouse lungs 

under hypoxia and point towards a role of CXCL12 in PH with respect 

to Stamp2 deficiency.  

These findings showing higher inflammatory cytokine expression  in 

absence of Stamp2 along with the already established knowledge 

that CXCL12 is responsible for recruitment of macrophages 

(Sánchez-Martín et al. 2011)  relates to the high CD68+ staining we 

observed in lungs of hypoxia-exposed Stamp2-KO mice as well. The 

CD68+ stained cells observed in the hypoxia-induced Stamp2-KO 

lungs appeared to be of monocytic origin, and we know that MCP-1 

causes recruitment of monocytes. We found MCP-1 along with other 
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cytokines was highly expressed in Stamp2-KO mouse lungs. The cell 

type was further confirmed by performing dual staining to separate 

SMCs from CD68+ stained cells.  Recruitment of monocytes along 

with elevated inflammation is crit ical in paving the path for hypoxia -

dependent PH, and actually acts as a precursor to disease 

development (Vergadi et al. 2011) . It has been found that Stamp2 

expression is associated with the CD68+ expression in the adipose 

tissue, which is an active site for inf lammatory action leading to 

obesity (Moreno-Navarrete et al. 2011). These findings explain the 

high CD68+ cell recruitment we observed in Stamp2 deficient mouse 

lungs under the influence of hypoxia and ult imate PH development.  

Our findings thus indicate a link between absence of Stamp2 and 

enhanced inflammation along with development of PH.  

5.2 Stamp2 absence leads to development of PH 

Genetic ablation of Stamp2 led to enhanced hypoxia-induced PH in 

the mouse model as compared to WT. Hypoxia-induced PH was 

successively achieved in WT and Stamp2-KO mouse model, both 

showing a significantly higher RVSP as compared to their normoxi c 

controls. Stamp2-KO mice had signif icantly higher RVSP as 

compared to WT under hypoxia . Although signif icantly different , these 

values showed a humble difference. This modest difference may 

explain the lack of more pronounced RV hypertrophy in Stamp2-KO 

mice compared to WT. Stamp2 is already linked with disease l ike 

obesity, insulin resistance, cancer and metabolic disorders and has a 

protective role in obese and genetic diabetic mouse models showing 

its relevance to high inflammation based diseases (Sikkeland et al. 

2019). According to a recent study, overexpression of Stamp2 

attenuated adipose t issue angiogenesis and insulin resistance; i t is 

interesting to note that the major actions regulating angiogenesis in 

the adipose tissue include inflammation and t issue hypoxia , and the 
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adipose t issue vasculature is the key s ite involved in the nutrit ional  

furbishing and inflammatory profi le regulation of the adipose tissue 

(Wang et al. 2017). This carries similarity with disease prognosis of 

PH where, hypoxia and inflammation play a key role and also the 

vasculature acts as the site of recruit ing inflammatory cells and 

cytokines. Our results show a pattern of diminished Stamp2 

expression in PH subjects similar to what  has been observed in 

obese subjects, where Stamp2 expression was found to be 

signif icantly and inversely associated with the obesity phenotype 

measurements including systemic blood pressure (Moreno-Navarrete 

et al. 2011).  

Taken together, our data may suggest that absence of Stamp2 has a 

more direct effect on vascular cell function along with higher 

inf lammation which promotes progression of the disease.  

5.3 Stamp2 is downregulated in experimental and human PH 

In addit ion to interference with Stamp2 signalling, the correlation 

between disease development per se and Stamp2 regulation was an 

important aspect to be looked at.  Earlier studies which focused on 

Stamp2 regulation in human disease have primarily looked at  insulin 

resistance and angiogenesis of adipose t issue leading to obesity 

which cause diseases l ike h igh fat l iver disease and diabetes (Arner 

et al. 2008, Kim et al. 2015). The f indings in these existing studies 

can be helpful in the context of our study since these diseases, l ike 

PH, are inflammation driven as well. Thus , the function of Stamp2 

can be considered in this sett ing using existing knowledge regardin g 

its regulation in the presence or absence of overt inflammation, an 

important feature of PH.  

Here, we found that Stamp2 expression in lung t issue was 

signif icantly downregulated during disease development of 
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experimental PH (hypoxia mouse model, Su/Hx rat model), and in 

samples from patients with PAH. In context with our data on loss of 

Stamp2 and its effect on inflammation and PH progression, this 

suggests that Stamp2 acts a protective factor against disease 

progression, and its downregulation during PH development al lows 

other factors to more effectively elicit their pathogenic signals. 

Moreover, Stamp2 expression may be used as a marker to f lag 

disease onset, and restoration of Stamp2 expression may provide a 

therapeutic strategy. It  has also been shown previously that Stamp2 

is one of the top ten markers which are differential ly expressed in the 

RV under conditions of RV dysfunction (di Salvo et al. 2015). These 

findings confirm the earlier evidence showing Stamp2 as a crit ical 

player in maintaining systemic homeostasis and regulating 

inflammatory responses. Stamp2 is essential to regulate inflammation 

and to avoid excessive inflammation, thus its deficiency suff iciently 

causes many features of metabolic syndrome which primari ly 

includes inflammation. Lack of Stamp2 has been found to induce 

inflammation and insulin resistance (IR) in healthy lean mice and its 

dysregulated expression has been observed in obese mice and 

humans (Moreno-Navarrete et al. 2011)  

5.4 Pulmonary vasculature and Stamp2 expression  

It is known that Stamp2 is expressed in many human tissues and is  

relatively highly expressed in heart, lung, placenta and adipose 

tissue (Yoo et al.  2014). We found Stamp2 expression in basically all 

cells involved in forming the pulmonary vasculature and relatively 

higher expression at mRNA levels was observed in coronary ECs and 

microvascular ECs. Such high expression at the mRNA levels may be 

explained by various post-transcriptional factors in these particular 

cell types as compared to other vascular cells. Post-translational 

modif ications of mRNA can lead to relatively lower protein output as 
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compared to higher mRNA level. Factors like protein half - l ife, protein 

degradation/damage and experimental factors could play a role as 

well. At the protein level, Stamp2 expression was similar for most 

cells except for monocytes where expression was too l it t le to be 

visually observed as a protein band but was present at the mRNA 

level. The same monocytes when differentiated into macrophages 

showed a substantial increase in protein and mRNA expression of 

Stamp2, which appears to be relevant for disease progression.   

5.5 Stamp2 regulation in vitro 

It is already known that nutrit ional components can regulate Stamp2 

expression in both in-vivo and in-vitro settings (Wellen et al. 2007)  

and inflammatory stimuli are also known to induce Stamp2 

expression (Moreno-Navarrete et al. 2011). SMCs, monocytes, 

macrophages and ECs drive cellular functions contr ibuting to disease 

development. Hence, we studied how Stamp2 is regulated in the 

dist inct cell types when exposed to hypoxia to imitate disease  like 

conditions in vitro. 

Human and murine PASMCs showed a signif icant downregulation of 

Stamp2 expression when exposed to hypoxia.  This is in line with 

previous findings where Stamp2 expression decreased in lungs of WT 

mice after exposure to hypoxia, in Su/Hx-exposed rat lungs and the 

lungs of PAH patients.  ECs, also play a prominent role in PH 

development (Amiri et al. 2004). Human microvascular ECs also 

showed downregulation of Stamp2 expression after hypoxia, 

indicating a role in PH development. 

With regard to inf lammatory cells, mouse macrophages also showed 

signif icant downregulation of Stamp2 expression when exposed to  

hypoxia. As numerous studies have indicated early recruitment of 

macrophages in lungs of mice under hypoxia and the importance of  
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pulmonary macrophages in the pathogenesis of PH (Pugliese et al. 

2017), and we observed accumulation of CD68+ cells in lungs  of 

Stamp2 deficient mice under hypoxia , these findings are l ikely 

relevant and point towards an important role of these cells in 

connecting lack of Stamp2 and disease pathogenesis.  

5.6 Stamp2 absence modestly affects cellular actions 

Hypertension is characterized by vascular remodelling coupled with 

heightened resistance which is due to pronounced proliferation, 

apoptosis and migration of vascular smooth muscle cells (VSMCs). 

The smooth muscle cells are a dominant building bock of the medial 

layer of arteries and thus have a very important function in ensuring 

healthy vasculature. Various studies have shown that metabolism of 

smooth muscle cells is related to the progression of many vascular 

diseases such as systemic and pulmonary hyper tension and 

atherosclerosis (Shi et al. 2020). Since the smooth muscle cells play 

a major role in maintaining functional blood vessel tone, blood stream 

and pressure, it was important to study the function of these cells in 

regard to our study. 

To assess how absence of Stamp2 may affect the cellular actions of 

vascular cells, we compared cellular responses in WT and Stamp2 -

KO cells under normoxic and/or hypoxic conditions. I t  is known that 

PASMCs carry hypoxia sensor and thus can have altered functions in 

accordance with exposure and placement of cells in the vasculature 

(Madden et al. 1992). WT and Stamp2-KO PASMCs were assessed in 

proliferation assays. While under normoxic  conditions there was no 

difference between both genotypes under basal condit ions,  upon 

stimulation with IL-6 or growth medium, but under hypoxic conditions 

Stamp2-KO PASMCs showed a significantly higher proli feration rate 

only in the presence of growth medium and  provided a modest effect.  

This result makes sense since in presence of hypoxia PASMCs are 
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known to perform a central role in developing constr icted arteries to 

ensure oxygen uptake. Thus, hypoxia is considered as one of the 

major determinants of PH development, and is also attr ibuted to 

other lung disorders such as interstit ial lung disease (Sylvester et al. 

2012). 

Along with SMCs, other key cell types that play an important role in 

the development of vascular disease and PH include endothelial cells 

(ECs). It  is already known that ECs can regulate the function of 

underlying SMCs by releasing various bioactive factors, thus 

contr ibuting to pulmonary vascular homeostasis and remodeling (Gao 

et al.  2016). So it  was natural to study the cellular actions of ECs 

next. As we were unable to isolate microvascular ECs from WT or 

Stamp2-KO mice, we util ized commercially available human 

microvascular ECs and siRNA of Stamp2 to mimic the WT and 

Stamp2-KO genotypes. Viabil ity assays were performed to evaluate a 

potential role of cell  death for Stamp2-dependent impact on vascular 

remodeling. Stamp2 siRNA treated HMVECs vs. untreated control 

HMVECs yielded comparable values of viabili ty. To understand the 

role of ECs further, apoptosis assays were also conducted, again 

showing no significant differences. When interpreting these results,  

one has to keep in mind that HMVECs are fragile cells requiring 

ult imate care and sensitive handling to ensure proper experimental 

conditions. Stamp2 siRNA treatment tends to be harsh where cells 

are starved and then kept in siRNA along with starvation medium mix 

for more than 48 hours, which may also affect cellular integrity and 

function. 

Endothelial dysfunction plays a role in smooth muscle cell mediated 

vasoconstr ict ion connected to hypertension. Dysfunction in ECs can 

be an important hallmark in the development of PH, since ECs affect 

the cellular actions of SMCs by inducing proliferation, vascular 

remodell ing and by releasing vasodilator and vasoconstrictor factors 
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(Shi et al. 2020). In l ight of these studies it  was an important finding 

that overall , lack of Stamp2 did not show a meaningful effect on the 

cellular actions of these cell types which could explain an impact on 

the development of PH, so that addit ional factors including cellular 

cross-talk via inflammatory mediators must be taken into 

consideration.  

5.7 Stamp2 absence in macrophages promotes PASMCs 

proliferation and migration 

Several mechanisms may indirectly affect cellular functions under 

pathogenic condit ions.  For instance, i t has been shown that hypoxia 

derives increased PDGF signalling in the pulmonary vasculature 

which in turn causes enhanced proli feration and migration of 

PASMCs, both of which are leading factors in developing PH. 

Notably, this occurred without affecting expression levels, but due to 

downregulation of PDGFR-deactivating protein tyrosine phosphatases  

(ten Freyhaus et al. 2011) . 

Here, we interestingly found that Stamp2-KO mouse PASMCs showed 

signif icantly higher proliferation only under hypoxia and under the 

influence of growth medium. Thus, lack of Stamp2 in PASMCs alone 

was not suff icient to promote proli feration. Therefore, we decided to 

evaluate factors present in the surroundings of pulmonary 

vasculature which might have an impact. To this end, we used 

supernatant from macrophages extracted from WT and Stamp2-KO 

mice and compared their potency to induce proliferation and 

migration in WT PASMCs. The results showed that macrophage 

supernatant from Stamp2-KO but not WT mice caused signif icantly 

higher proliferation of PASMCs, which was similar for both normoxia 

and hypoxia. Thus, even without the additional tr igger of hypoxia, the 
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lack of Stamp2 in macrophage supernatant is enough to cause 

signif icantly enhanced proliferation. 

Inflammation is known to further averse the phenomena causing PH, 

which we have already observed in the hypoxia treated lungs from 

Stamp2-KO mice. The higher PASMCs proliferation rate under the 

influence of Stamp2 deficient macrophages may also explain the 

higher muscularization that we observed in the small vessels of 

Stamp2-KO mouse lungs as compared to WT.  In a similar fashion, 

supernatant from WT and Stamp2-KO macrophages was used to 

induce PASMC migration. Supernatant from both genotypes induced 

PASMC migration, but significantly higher migration was induced by 

supernatant from Stamp2-KO macrophages.  

Although the cytokine array of macrophages supernatant  showed a 

number of active cytokines the selection  of cytokines namely 

CXCL12, MCP-1 and IL-6, we made was backed by li terature review 

and earlier scientific f indings (Park et al. 2014, Wei et al. 2015). We 

selected the cytokines which showed high expression and which are 

known to have an active role in vascular remodeling and 

cardiovascular inf lammation in part icular (Bordenave et al. 2020, 

Yang et al. 2014, Sikkeland et al. 2012). These cytokines and their 

respective neutral izing antibodies were then further used to study 

cellular actions.  

CXCL12 and its receptor CXCR4 is known to help develop hypoxia 

induced PH and vascular remodeling; it also regulates cell cycle 

progression and proliferation in PASMCs. I t has been found that 

inhibiting CXCL12/CXCR4 decreases cell cycle progression and also 

causes lower expression of cell cycle progression proteins (Wei et al. 

2015). CXCL12 has also been reported to be elevated in PH patients, 

and associated with outcome (Yang et al. 2014, Bordenave et al. 

2020). CXCL12 has shown to impart vascular remodeling and induce 
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proliferation of PASMCs (McCullagh et al. 2015) . It  is established 

already that hypoxia induces the expression of the CXCL12 receptor 

(CXCR4) in PASMCs and the pulmonary arteries of rats upon hypoxia 

exposure, and silencing CXCL12/CXCR4 blocks hypoxia induced cell 

viabil ity and proli feration (Wei et al. 2015). Keeping in view this 

scientific knowledge, i t made sense to indulge this cytokine in our 

study. 

MCP-1 plays an important role in development of cardiovascular 

diseases owing to its inf lammation supporting characterist ics. It has 

been reported that MCP-1 has a central role in the development of 

atherosclerosis since monocytes and macrophages cause growth of 

other inf lammatory cells and cytokines within atherosclerotic plaques. 

MCP-1 causes monocytes accumulation which leads to fatty streak 

formation leading to atherosclerotic plaque formation (Niu and 

Kolattukudy 2009, Lin et al. 2014). Atherogenesis includes 

monocytes maturing into macrophages which causes increased 

cytokine expression and growth of other inf lammatory cells as well 

(Lin et al. 2014). Higher plasma levels of MCP-1 have been reported 

in patients of IPAH, this implies MCP-1 has a role in the development 

of pulmonary hypertension (Itoh et al. 2006). Mechanical stress and 

PH provide stimuli leading to vascular remodeling of pulmonary 

arteries which is in part mediated by MCP-1 release (Park et al. 

2014).  Advancement of many disease condit ions is mainly caused by 

migration and adhesion of inflammatory cells, and MCP-1 is known to 

cause the pathogenesis of inflammatory disease by promoting these 

functions by facil itat ing monocytes migration and attracting other 

inf lammatory cells to the sub-endothelium. It is already established 

that endothelial dysfunction is correlated to several inf lammatory 

conditions such as diabetes and hypertension. MCP-1 affects the 

endothelium which subsequently leads to cellular adhesion, 
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proliferation of smooth muscle cells and inflammation of vessel wall 

thus worsening the disease condit ions (Singh et al.  2021). 

Many members of the scientific community have affirmed the role of 

IL-6 in PH. In mouse model , it was reported that overexpression of 

IL-6 caused formation of pulmonary vascular lesions and mice which 

were IL-6 deficient were protected. IL-6 neutral ization has also 

shown disease compensation effects, where neutral izing IL-6 

receptor lead to ameliorated development of experimental PH 

(Toshner and Rothman 2020) . The finding that upon inflammatory 

stimuli PASMCs show higher concentration of IL -6 in comparison to 

the endothelial cells confirms that PASMCs might be a source  of IL-6 

(Davies et al. 2012). This demonstration thus naturally points towards 

studying how PASMCs behave towards IL -6 exposure in context of 

Stamp2 absence and PH for our study.   

In l ight of this aforementioned scientific information we thus, selected 

these cytokines as we wanted to keep focus on this part icular trail 

fol lowing vascular remodell ing and PH.  

Along with proliferation,  migration of cells of vasculature also plays 

an important role in aggravating the process of vascular remodeling. 

We util ized scratch assays to evaluate cell migration, which best 

mimics the in vivo environment and thus, is a preferred way of 

studying cel l migration (Liang et al.  2007). In order to  ensure that 

the phenomena under study was purely migration and not 

proliferation, we inhibited cell proliferation during scratch assay by 

starving the cells for a period of 24 hours (Glenn et al. 2016). 

The cytokines CXCL12, MCP-1 and IL-6 individually as well as in 

combination, as a cytokines cocktail , induced effective PASMCs 

migration. CXCL12 and MCP-1 individually and in combination 

induced effective PASMCs proliferation. Interestingly, IL-6 did not 

induce any proliferation in PASMCs, but was ver y effective in 
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inducing migrat ion. These results are in line with previous studies 

regarding IL-6 preferably contributing to PASMCs proli feration rather 

than migration (Maston et al. 2017, Savale et al. 2009). Our data also 

shows that many cytokines have dual effect of proli feration and 

migration, and some act for either of the actions and a collective 

effect of many chemokines contr ibutes to the overall pathophysiolgy 

of disease.  

To confirm the active role of these cytokines in the macrophage 

supernatant, we applied these individually and in combination to 

assess their impact on proli feration  and migration of PASMCs. These 

experiments confirmed their biological relevance, where cellular 

responses were even more pronounced when a combination of 

cytokines was used, and this effect was prevented by using 

neutralizing antibodies against the respective cytokines.  

The neutral izing antibodies against MCP-1, CXCL12 and IL-6 even 

more effectively prevented PASMCs proli feration and migration 

induced by Stamp2-KO macrophage supernatant, further confirming 

the l ink to Stamp2 in their active role for PASMCs responses 

contr ibuting to vascular remodeling.  

When viewed together, our results presented herein propose a 

relevant role of Stamp2 acting as a negative regulator and preventive 

mediator from PAH. The results are consistent with the pictorial 

i l lustration in the following f igure. Loss of Stamp2 during disease 

progression allows a change in the inflammatory mil ieu and 

pathogenic cellular responses of vascular cells, collectively 

promoting pulmonary vascular remodeling and PH. 
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Figure 5.1:  Lack of Stamp2 leads to development of PH 

Schemat ic d iagram summar iz ing the f indings of th is thesis  and indicat ing the 
proposed protect ive ro le of  Stamp2 against  the development of  PH  

 

.  
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5.8  Limitations of the study 

In this study, we primarily uti l ized the hypoxia induced PH mouse 

model. I t is important to consider that despite many similarit ies , the 

mouse model for PH can not exactly replicate human disease. A 

number of anatomical, physical and physiological differences lie 

between the two systems. Hypoxia based PH of mouse  model is also 

not as intense as human PH disease, the latter presenting with more 

pronounced vascular remodeling and narrowing of vessels in 

particular. Alternative PH animal model such as the MCT 

(monocrotaline) or Su/Hx rat models are considered better because 

of more prominent vascular remodeling and pathology. However, 

development of genetically altered animals, their  maintenance and 

experimental design is rather more workable with a smaller animal 

model such as mouse. So a compromise had to be reached in order 

to have an effective and feasible experimental design. In this s tudy, 

we observed PASMCs actively participated in the pathophysiolgy of 

the disease via actions of proliferation and migration but no such 

finding was associated with ECs. In another study a similar f inding 

has been reported where no signif icant EC proliferation was 

observed in hypoxia exposed mouse PH (Voelkel and Tuder 2000) , 

whereas in human PAH, ECs contribute a great deal to vascular 

remodeling by forming plexiform lesions. Nonetheless, a genetically 

modif ied mouse model st il l proves to be a good way to study the 

molecular and functional basis of the disease to understand it further .  

5.9 Conclusions 

In this study we were able to successfully show that absence of 

Stamp2 enhances the development of PH in mice under hypoxia. We 

showed that Stamp2 expression is present in the cells of vasculature 
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and is directly affected by hypoxia both in -vivo and in-vitro. The lung 

tissue shows downregulated Stamp2 for both mouse and rat PH 

model as well as for human disease. Similarly, SMCs, ECs and 

macrophages show Stamp2 downregulation upon hypoxia exposure. 

Higher inf lammation in the lungs and serum was also found in the 

absence of Stamp2 through high expression of cytokines and CD68+ 

cells accumulation in the Stamp2-KO lungs. The macrophages 

supernatant from Stamp2-KO mouse acted as a strong driving agent 

for higher degrees of inflammation along with proli feration and 

migration of SMCs. Thus, it  may be concluded that ( i) Stamp2 acts as 

a negative and protective mediator against PH which is 

downregulated during disease progression and (ii) elevated 

inflammation along with macrophage mediated higher migration and 

proliferation of PASMCs play an active role in promoting PH in the 

absence of Stamp2. 

5.10  Future prospects 

Stamp2 and its relation to inf lammation have been  explained along 

with its association in a number of metabolic diseases. Stamp2 has 

been shown to play a crit ical role in regulation of inf lammation and 

nutrit ional signals with respect to metaboli sm, it  acts via adipocytes 

and macrophages and plays its role in maintaining a balanced 

metabolic homeostasis (ten Freyhaus et al. 2012). It has also been 

shown that stamp2 expression itself is regulated by inflammatory 

signals and its deficiency causes deposition of fat and insulin 

resistance, both of these diseased s tates are fuelled by enhanced 

inflammation (Wellen et al. 2007). Stamp2 has been shown to be 

downregulated in the livers of non-alcoholic fatty liver disease 

(NAFLD) patients (Kim et al. 2015), in obese patients (Chen et al. 

2010) and also in obese patients  with type 2 diabetes (Moreno-

Navarrete et al. 2011). Stamp2 prevents from hepatic steatosis by 
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decreasing the hepatitis B protein induced insulin resistance and fa t 

accumulation (Kim et al. 2012) and suppresses atherosclerosis 

(Wang et al. 2014). A recent study showed how Stamp2 helps in 

increased Akt-phosphorylation in hepatic tissue and thus rescues 

against insulin development and hepatic steatosis (Park et al. 2020). 

In l ight of animal studies where Stamp2 overexpression helped 

attenuate the diseased states and showed tremendous effects of 

disease prevention, it can be considered as cure-tool in future 

pharmacological interventions.  These studies included f indings where 

adenoviral constructs were used to impose Stamp2 overexpression in 

the liver and this helped attenuate insulin resistance and hepatic 

steatosis in high fat diet fed mice (Hye Y Kim et al. 2015). It has 

been shown that overexpression can help attenuate the a dipose 

tissue angiogenesis which is one of the most lethal obesity related 

pathological disorder (F. Wang et al. 2017) and this overexpression 

also prevented insulin resistance in diabetic mice (Han et al. 2013). 

Also, even atherosclerosis was suppressed along with stabilization of 

plaques in diabetic mice via Stamp2 overexpression (J. Wang et al. 

2014).  

As the next step in this study to further understand how Stamp2 

regulates the occurrence and development of disease and how 

preventive its presence in terms of over -expression can be, a Stamp2 

over-expressing mouse model might be developed. If  this model is 

prevented against development of hypoxia based PH and overt 

inf lammation; it would further confirm and elaborate its protective 

role against the disease.  

In a recent study, the phosphodiesterase-3 inhibitor Cilostazol was 

found to enhance the hepatic expression of Stamp2 through AMP -

activated protein kinase (AMPK) in vivo and in vitro. This enhanced 

Stamp2 expression prevented hepatic steatosis in mouse model of 
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non alcoholic fatty liver (NAFLD) disease (Oh et al. 2018). Hence, 

this data points towards possible strategies of maintaining Stamp2 

expression in diseased states and prevent its downregulation thus, 

using the protective role of Stamp2 against inf lammation and disease 

progression. In future studies, Cilostazol can be studied for i ts 

therapeutic tendencies in experimental models of PH and if proven 

successful might be used in pharmacological  interventions targeting 

human disease. 
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6 Summary 

 

Background: Pulmonary hypertension (PH) is a grave disease 

affecting people around the globe from all walks of l ife and young to 

older age groups. The disease is characterised by high pulmonary 

artery pressure and pulmonary vascular resistance, along with 

vascular remodeling. Ultimately, PH leads to r ight ventricular fai lure 

and death. The cells in the pulmonary vasculature play a pivotal role 

in developing the underlying vascular remodeling, where increased 

proliferation and migration is orchestrated in the presence of 

inf lammation which promotes pathogenic cellular responses . 

Aim: The aim of this study was to define the role of Stamp2 in the 

development of PH and to study how the presence or absence of 

Stamp2 affects disease progression. The prior knowledge that 

Stamp2 absence leads to elevated inflammation and has a role in 

inf lammatory and cardiovascular diseases paved way for developing 

our hypothesis which is;  Stamp2 protects against PH 

Results: Lung tissue from hypoxia exposed mice , Sugen-hypoxia 

exposed rats and PAH patients showed signif icant downregulation of 

Stamp2 as compared to control  animals and healthy patients, 

showing that disease is associated with low levels of Stamp2. A 

causal relationship was further solidif ied with Stamp2-KO mice 

showing significantly higher muscularization in the small pulmonary 

arteries and significantly higher right ventricular systolic pressure 

(RVSP) as measured by invasive hemodynamic assessment 

characterizing PH, as compared to WT control. Based on these in -

vivo f indings we characterized Stamp2 regulation in-vitro in human 

and mouse pulmonary arterial smooth muscle cells (PASMCs) and 

human microvascular endothelial cells (HMVECs) under hypoxia and 
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normoxia condit ions. Similar to the in-vivo findings, downregulation 

of Stamp2 under hypoxia was observed for both cell types.  

The relationship between lack of Stamp2 and PH was further 

solidified with enhancement of pulmonary inflammation in hypoxia-

exposed mouse lungs as compared to control. High mRNA expression 

of inf lammatory cytokines in hypoxia exposed Stamp2-KO mouse 

lungs and serum along with high CD68+ staining in the lung t issue 

was found. 

PASMCs showed significantly higher proliferation and migration rates 

when treated with macrophage supernatant from Stamp2-KO mice as 

compared to the WT control , which l ikely contr ibutes to developing 

pulmonary vascular remodell ing. MCP-1, CXCL12 and IL-6 were 

found to be few of the active cytokines causing these cross-talks 

between macrophages and PASMCs, as their inhibit ion effectively 

prevented these actions mediated by macrophage supernatant.  

Conclusions: These results show that Stamp2 acts as a protective 

factor against PH development in both human and mouse. PH 

progression is associated with Stamp2 downregulation, and lack of 

Stamp2 promotes pathogenic cellular responses and results in 

enhanced development of PH. Hence, low expression of Stamp2 may 

mark the presence of disease, and strategies to upregulate or 

maintain Stamp2 expression may represent a novel therapeutic 

intervention.
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7 Zusammenfassung  

 

Hintergrund: Pulmonale Hypertonie (PH) ist eine schwerwiegende 

Erkrankung, von der weltweit Menschen aus allen 

Gesellschaftsschichten und Altersgruppen betroffen sind. Die 

Erkrankung ist gekennzeichnet durch einen hohen Druck in der 

Lungenarterie und einen hohen pulmonalen Gefäßwiderstand, 

verbunden mit einem Gefäßumbau. Letztlich führt die PH zum 

Versagen des rechten Ventrikels und zum Tod. Die Zellen des 

pulmonalen Gefäßsystem spielen eine zentrale Rolle bei der 

Entstehung des zugrunde l iegenden Gefäßumbaus, im Rahmen 

dessen es zu einer verstärkten Proliferation und Migration kommt, 

welche durch inflammtorische Prozesse begünstigt wird.  

Ziel: Ziel dieser Studie war es, die Rolle von Stamp2 bei der 

Entwicklung der PH zu definieren und zu untersuchen, wie die 

Anwesenheit oder Defizienz von Stamp2 die Progression der 

Erkrankung beeinflusst. Basiend auf bereits publizierten Daten, die 

zeigen, dass Stamp2 Defizienz zu einer erhöhten Infammation führt 

und eine Rolle bei inflammatorischen sowie kardiovaskulären 

Erkrankungen spielt,  wurde die Hypthese generiert, dass Stamp2 vor 

PH schützt.  

Ergebnisse: Lungengewebe von Mäusen, die Hypoxie - und Ratten, 

die Sugen-Hypoxie ausgesetzt waren, sowie von PAH-Patienten 

zeigte eine signif ikante Herabregulierung von Stamp2 im Vergleich zu 

Kontrol lt ieren und gesunden Patienten, was zeigt, dass die 

Erkrankung mit reduzierten Stamp2 Leveln assozieiert ist. Ein 

kausaler Zusammenhang konnte mittels Stamp2-KO-Mäusen gezeigt 

werden, welche im Vergleich zu WT-Kontrol lt ieren nach Hypoxie 

Exposition eine signifikant stärkere Muskularisierung der kleinen 

Lungenarterien aufwiesen und bei denen im Rahmen der invasiven 
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hämodynamischen Untersuchungen zur Charakterisierung der PH ein 

signif ikant höherer rechtsventrikulärer systolischer Druck (RVSP) 

gemessen wurde.  

Basierend aus diesen in-vivo Ergebnissen haben wir die Stamp2-

Regulation in vitro in humanen und murinen pulmonal -arteriel len 

glatten Muskelzellen (PASMCs) und humanen mikrovaskulären 

Endothelzellen (HMVECs) unter hypoxischen und normoxischen 

Bedingungen untersucht. In Übereinstimmung mit den in -vivo 

Ergebnissen wurde in beiden Zelltypen eine Herunterregulierung von 

Stamp2 unter Hypoxie beobachtet.  

Der Zusammenhang zwischen Stamp2 Defizienz und PH wurde 

außerdem bekräfigt durch eine Verstärkung der Inflammation in 

Lungen von Hypoxie-exponierten Mäusen im Vergleich zu Kontrol len. 

So konnte eine erhöhte mRNA-Expression inflammatorischer Zytokine 

in Lungenhomogenaten und Seren von Hypoxie-exponierten Stamp2 

KO-Mäusen gezeigt werden als auch eine intensive Färbung des 

Markophagenmarkers CD68+- in Lungengewebesschnitten. Außerdem 

reagierten PASMCs mit einer signifikant höheren Proliferation und 

Migration, wenn sie mit Makrophagenüberständen aus Stamp2 KO- 

verus WT Mäusen behandelt wurden, was mit hoher 

Wahrscheinlichkeit zum pulmonalen Gefäßumbaus beiträgt. 

Darüberhinaus konnte gezeigt werden, dass unteranderem die 

Zytokine MCP-1, CXCL12 und IL-6 diese Wechselwirkungen zwischen 

Makrophagen und PASMCs begünstigen, da deren Inhibit ion die, 

durch den Makrophagenüberstand vermittelten Effekte verhindert.  

Schlussfolgerungen:  Diese Ergebnisse zeigen, dass Stamp2 sowohl 

bei Menschen als auch im murinen Modell protektiv gegen die 

Entstehung einer PH wirkt. Die Progression der PH ist assoziiert mit 

einer Herunterregulierung von Stamp2. Eine Stamp2 Defizienz fördert 

pathologische zelluläre Reaktionen, welche zur Entstehung einer PH 

beitragen können. Eine reduzierte Stamp2 Expression könnte daher 
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als prognostischer Marker für eine PH fung ieren. Außerdem könnten 

Strategien zur Erhöhung oder Aufrechterhaltung der Stamp2 -

Expression eine neue therapeutische Option darstellen  
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