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Summary 
The present COVID-19 pandemic is having  a tremendous impact on the world, causing thousands of deaths 

globally. Patients with cardiovascular diseases (CVD) are considered to have an increased risk of progression to 

severe COVID-19 illness. A severely dysregulated immune system has been associated with disease aggravation 

in COVID-19. This immune system dysregulation results in a systemic hyperinflammatory state that results in 

acute organ injuries. Moreover, the causative virus SARS-CoV-2 causes downregulation of ACE2, which is 

involved in the renin-angiotensin-aldosterone-system (RAAS). ACE2 catalyzes the conversion of angiotensin II 

(Ang II) into Ang-(1-7) and precise balance of both systems is required for healthy regulation of essential 

processes (e.g. fibrosis & inflammation). Downregulation of ACE2 during SARS-CoV-2 infection results in an 

alteration of the Ang II/Ang-(1-7) ratio, favouring pro-inflammatory and pro-fibrotic effects of Ang II. Chronic 

RAAS disbalance and already existing systemic inflammation in CVD patients may predispose these patients to 

severe COVID-19 illness. Many CVD patients are furthermore routinely treated with RAAS inhibitors or statins, 

which affect ACE2 expression in tissues. Further downregulation of ACE2 upon SARS-CoV-2 infection could 

contribute to the RAAS dysregulation and could favour the hyperinflammatory and pro-fibrotic state in severe 

COVID-19. 

KEY WORDS: CORONAVIRUS DISEASE 2019 • SARS-COV-2 • CYTOKINE STORM • ACE2 • RAAS 

             

1. Introduction 
s of June, 1st, the COVID-19 pandemic affected 

over 6.2 billion people and caused 373.883 

deaths globally, with rapid growth of numbers 

still being reported (Dong et al., 2020). The outbreak 

had started early December 2019 in Wuhan City, 

China, with 27 patients with contagious pneumonia 

of unknown etiology and the number of cases quickly 

rose (Huang et al., 2020; Wang C. et al., 2020; Zhu et 

al., 2020). The causative virus appeared to be closely 

related to severe acute respiratory syndrome (SARS) 

coronavirus (CoV) and was subsequently named 

SARS-CoV-2 (Coronaviridae Study Group of the 

International Committee on Taxonomy of Viruses, 

2020). The lack of a vaccine or proven effective anti-

viral therapy and non-existent herd immunity 

contributes to further dissemination of the disease. 

Increased knowledge about the viral infection is 

therefore urgently required. 

SARS-CoV-2 was identified as a betacoronavirus, a 

coronavirus genus that primarily targets the human 

respiratory system (Chan et al., 2020; Letko et al., 

2020). Coronaviruses are  large enveloped positive 

sense, single-stranded RNA viruses (Lu and Liu, 2012; 

Woo et al., 2009). Previously identified human 

disease-causing coronaviruses include alphaCoVs 

(i.e. hCoV-229E & hCoV-NL63) and some betaCoVs 

(i.e. HKU1, hCoV-OC43, SARS-CoV & MERS-CoV). 

Whereas alphaCoVs and the betaCoVs HKU1 and 

hCoV-OC43 cause restricted common cold-like 

illnesses (Chiu et al., 2005; Gorse et al., 2009; Jean et 

al., 2013; Jevšnik et al., 2012), the betaCoVs SARS-

CoV and MERS-CoV are known for their epidemic 

abilities (WHO, 2004; Zaki et al., 2012).    

Viral infections start with the binding of viral 

particles to host receptors on the cellular surface, 

and receptor recognition is therefore essential for 

cell and tissue tropism. In coronaviruses, the 

membrane-bound S protein facilitates viral entry 

into target cells (Lu et al., 2015). Angiotensin-

converting enzyme 2 (ACE2) has been identified as 

the major entry receptor for SARS-CoV-2 (Hoffmann 

et al., 2020). ACE2 is expressed in virtually all tissues, 

with high activities being reported in respiratory, 

corneal and nasal epithelial cells (Gembardt et al., 

2005; Sungnak et al., 2020;  Xu et al., 2020; Zhong et 

al., 2011).  

In humans, the ACE2 receptor is involved in the 

renin-angiotensin-aldosterone system (RAAS), which 

is key player in controlling extracellular volume, 

A 
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arterial pressure and tissue perfusion by regulating 

blood pressure and electrolyte balance (Laragh & 

Sealey, 1992). Unfortunately, SARS-CoV-2 infection 

markedly decreases ACE2 expression via binding the 

receptor and endocytosis of both virus and ACE2. 

(Zhang et al., 2020).  

COVID-19 patients typically present with mild 

pathology, and characteristic manifestations include 

fever, cough and fatigue. Still, a substantial 

percentage of cases progresses to severe illness (Fu 

et al., 2020; Guan et al., 2020; Huang et al., 2020; 

Wang C. et al., 2020). A severely dysregulated 

immune system and cytokine storm are associated 

with disease progression to severe disease 

(Pedersen, 2020). Critically ill patients are often 

admitted to the ICU as a result of acute respiratory 

distress syndrome (ARDS), septic shock, acute 

myocardial injury and multi-organ failure, which 

could ultimately proceed to death (Chen et al., 2020; 

Goldstein et al., 2020; Huang et al., 2020, Wang C. et 

al., 2020). 

Several studies reported that the elderly (>60 y) and 

patients suffering from comorbidities have a 

significantly higher risk of severe progression of the 

illness. Patients with underlying cardiovascular 

diseases, (e.g. hypertension, coronary artery disease 

and obesity) are at high risk for progression to severe 

COVID-19 (Lippi et al., 2020; Zhou et al., 2020). 

Several research groups are currently investigating 

how the underlying cardiovascular diseases (CVD) 

can predispose patients to severe COVID-19. Present 

insights suggest a chronic dysregulation of the RAAS 

system in CVD patients which may predispose them 

to severe COVID-19 manifestations (South et al., 

2020). Many CVD patients are furthermore routinely 

treated with RAAS inhibitors or statins and in lieu 

with the fact that these treatments display a wide 

variety of effects in the body, treatment of these 

patients may play a role in this predisposition of 

progression to severe disease (South et al., 2020; 

Vaduganathan et al., 2020). 

This thesis aims to address why cardiovascular 

patients are more prone to severe COVID-19 disease. 

The focus of the thesis will be on the RAAS system 

and dysregulated immune response implicated in 

severe COVID-19 disease, and the effects of 

cardiovascular diseases on the progression to severe 

COVID-19 illness. 

The following research questions will be 

investigated:  

1. What is the effect of SARS-CoV-2 infection on 

ACE2 

2. What is the function of ACE2 within the RAAS 

system? 

3. How does SARS-CoV-2-mediated downregulation 

of ACE2 affect the RAAS system?  

4. How does SARS-CoV-2 infection result in the 

symptoms displayed by COVID-19 patients? 

2. SARS-CoV-2 cell entry and life cycle  
In order to understand how SARS-CoV-2 infection 

can result in severe COVID-19, better understanding 

of the viral infection is required.   

The first step in viral infection is viral receptor 

recognition of a host cell receptor, which is mediated 

in coronaviruses by a viral transmembrane spike (S) 

protein. The S protein comprises two subunits, S1, 

which is responsible for receptor binding and S2, that 

allows fusion of viral and cellular membranes (Lee et 

al., 1991; Ziebuhr et al., 2001; reviewed in Fehr and 

Perlman, 2015).  

SARS-CoV-2 cell entry is mediated by binding the 

ACE2 receptor, which exerts an essential role in the 

renin-angiotensin-aldosterone system (RAAS) 

(Hoffmann et al., 2020). Since virus infection is 

dependent on receptor recognition, ACE2 

expression is the key determinant of host cell and 

tissue tropism. ACE2 is essentially expressed in all 

tissues. High expression have been reported in 

respiratory (i.e. alveolar epithelial cell type II), 

corneal and nasal endothelial cells, which are 

considered the main entry sites for SARS-CoV-2 

(Sungnak et al., 2020; Xu et al., 2020; Zhou et al., 

2020). Other high ACE2 activities are found in the 

heart (endothelial cells, smooth muscle cells, 
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cardiomyocytes), oesophagus, kidney, bladder and 

ileum (Gembardt et al., 2005; Xu et al., 2020; Zou et 

al., 2020). This expression profile is consistent with 

reported symptoms of COVID-19 patients (Fu et al., 

2020; Wang et al., 2020; Zhu et al., 2020).  

Although the exact SARS-CoV-2 cell entry remains 

uncertain, researchers indicate an essential role for 

protease cleavage (e.g. TMPRSS2) in SARS-CoV-2 cell 

entry and the availability of these proteases 

therefore contribute to host cell and tissue tropism 

(Sungnak et al., 2020; Hoffmann et al., 2020).  

Upon cell entry, the viral RNA will allow expression 

of replicase gene products, which are translated into 

two large polypeptides (pp1a & pp1b). Processing of 

these polyproteins leads to 16 nonstructural 

proteins (nsp1 – nsp16), that form a replicase-

transcriptase complex. This complex produces anti-

sense genome, new viral genome and subgenomic 

RNA. The remaining part of the genome is translated 

into the structural proteins (spike (S), matrix (M), 

envelope (E) and nucleoprotein (N)), as well as a 

variable number of accessory proteins (3-5), of 

which some are considered to be involved in the 

disease pathogenesis (Frieman et al., 2007; Simmons 

et al., 2013). SARS-CoV, for example, contained 

accessory proteins that were able to interfere with 

gene expression through antagonizing STAT1 anti-

viral activity (Frieman et al., 2007).  

3.1 Classical RAAS system and COVID-19 
Accumulating evidence indicates a vital role of this 

downregulated ACE2 in the pathophysiology of 

complications in severely ill COVID-19 patients 

(Meng et al., 2014; Uhal et al., 2011; Zheng Y., 2020). 

For the pathogenesis of SARS-CoV-2 infection it is 

crucial to understand the renin-angiotensin-

aldosterone system (RAAS) system and the function 

of ACE2 within the RAAS system.   

The RAAS system exerts an important role in 

controlling the homeostasis of extracellular volume, 

arterial pressure and tissue perfusion by regulating 

both blood pressure and electrolyte balance (Laragh 

& Sealey, 1992). The first step within the RAAS 

system is the release of renin by renal cells in 

response to a decrease in blood pressure or 

circulating volume (e.g. upon dehydration or 

ventricular pump failure) (Brown, 2006). Renin 

catalyzes the conversion from angiotensinogen to 

angiotensin I (Ang I). The enzyme angiotensin-

converting enzyme (ACE) subsequently catalyzes the 

conversion of Ang I into the biologically active Ang II, 

which can bind angiotensin II type 1 (AT1)  and AT2 

receptors (Figure 1).  

Most of the physiological and pathophysiological 

effects of Ang II is mediated via the AT1 receptor 

(Figure 1). AT1 signal transduction results in actions 

on the cardiovascular system (e.g. vasoconstriction, 

increased blood pressure, increased cardiac 

contractility), kidney (e.g. renal tubular sodium 

reabsorption, inhibition of renin release), 

sympathetic nervous system, and adrenal cortex 

(stimulation of aldosterone synthesis) (Carey & 

Siragy, 2003) (Figure 1).  

In pathological circumstances, AT1 signalling can 

results in excessive collagen deposition and 

enhanced inflammatory responses, cell growth, 

proliferation and oxidative stress, which are 

observed in the pathology of COVID-19 (Ferrario, 

2006; Kuba et al., 2013; Patel et al., 2016; Turner et 

al., 2004; Zhang et al., 2020). Moreover, increased 

AT1 signalling can result in vascular endothelial 

dysfunction, which leads to enhanced vascular 

permeability and subsequent (pulmonary) oedema. 

Severe dysregulation of Ang II could furthermore 

result in myocardial hypertrophy and dysfunction, 

cell death and arrhythmogenicity in the heart, which 

could ultimately result in the acute cardiac injury 

(Xiao et al., 2015; Intengan & Schiffrin, 2001; 

Montenzano et al., 2014; Boegehold et al., 2015). 

Acute cardiac injury is observed in some severe 

COVID-19 patients (Fu et al., 2020; Zhang et al., 

2020).  

Contrastingly, AT2 receptor signal transduction 

antagonizes the effects of AT1 signalling. Still, the 

exact function of the AT2 receptor remain uncertain. 

The receptor is most abundant during fetal 

development, and AT2 activity decreases markedly 
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after birth (Carey, 2003). Despite the low AT2 

expression levels, the AT2 is thought to mediate 

vasodilatation, antiproliferative and apoptotic 

effects in adult vascular smooth muscle cells and 

heart (Figure 1) (AbdAlla, 2001; Carey, 2003). Still, 

the importance of the AT2-mediated effects remain 

largely unknown.  

Finally, Ang II negatively regulates ACE2 expression 

through the upregulation of the metalloproteinase 

17 (ADAM17), that mediates the cleavage of ACE2 

(Xu et al., 2017).  

3.2 ACE2 and the alternative RAAS 

pathway 
Early research on SARS-CoV-2 infection reported a 

downregulation of ACE2 as consequence of SARS-

CoV-2 infection, with subsequent loss of catalytic 

activity of these receptors (Zhang, H. et al., 2020). 

ACE2 is part of the alternative RAAS pathway and 

catalyzes the conversion of Ang II into Ang-(1-7). 

Additionally, ACE2 converts Ang I into Ang-(1-9), and 

therefore prevents the conversion of Ang I into Ang 

II catalyzed by ACE. Ang-(1-9) can subsequently be 

converted to Ang-(1-7) (Roks et al., 1999). ACE2 

therefore plays an important role in regulation and 

the balance of Ang II-mediated effects.  

Ang-(1-7) binds the Mas receptor (Santos et al., 

2008). Contrary to AT1 signalling, Mas signal 

transduction results in vasodilatory, anti-

proliferative, anti-fibrotic and anti-hypertrophic 

effects (Iwai & Horiuchi, 2009). Moreover, Mas 

signalling diminishes oxidative stress, which is 

involved in cell apoptosis and contributes to tissue 

injury (Shi et al., 2015). Mas signaling additionally 

alters other signaling pathways, including glucose, 

serum and bradykinin pathways, as well as signalling 

pathways activated by Ang II (Iwai & Horiuchi, 2009). 

Interaction of Ang-(1-7) with Mas results in 

upregulation of ACE2 receptor expression, thereby 

providing positive feedback on the alternative RAAS 

pathway (Iwai & Horiuchi, 2009). 

Particularly important for SARS-CoV-2 infection are 

the effects of ACE2 and Ang-(1-7) on the 

inflammatory response. Ang-(1-7) has anti-

inflammatory effects by diminishing Ang-II induced 

ROS production (Zhang et al., 2016) and 

downregulating the expression of pro-inflammatory 

molecules, such as MCP-1, VCAM-1 and IL1ß in 

vascular smooth muscle cells (VSMCs), which 

ultimately results in a reduction of cellular infiltrate 

(Zhang et al., 2016). This enhanced inflammatory 

response is generally considered to play an 

important role in the progression to severe COVID-

19 illness (Pedersen et al., 2020; Zhang, W. et al., 

2020). 

Previous research further underline the organ 

protective effects of ACE2 in the respiratory tract. As 

an example, Ace2 knockout has been implicated with 

severe lung disease, including enhanced vascular 

permeability, lung oedema, impaired lung function 

and increased lung fibrosis in ARDS and lung injury-

mice models. Ang-(1-7) administration, on the other 

hand, improved oxygenation and reduced immune 

cell infiltrates and fibrosis in mice models. (Rey-Parra 

et al., 2012; Li et al., 2016). Similar organ protective 

effects have been reported in other organs, including 

heart, kidney and liver (Cheng et al., 2020). 

Downregulation of ACE2 upon SARS-CoV-2 infection, 

is likely to contribute to the symptoms (e.g. ARDS 

and acute organ injury) observed in COVID-19 

patients. 

Unfortunately, a detailed discussion of the 

mechanisms through which angiotensin II and 

angiotensin (1-7) mediate the reactions mentioned 

above is out of the scope of this review. The totality 

of evidence predominantly indicates a protective 

role of ACE2 in the cardiovascular, renal and 

respiratory systems through Mas receptor signalling 

and inhibition of Ang II-induced effects (Figure 1). 

Correct regulation of the Ang II/Ang-(1-7) ratio by 

ACE2 is essential in maintaining a healthy 

environment. Ang II and Ang-(1-7) dysregulation may 

contribute to detrimental effects in pathological 

settings as present in COVID-19. 
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Figure 1. Renin-angiotensin-aldosterone system. Renin converts angiotensinogen into Angiotensin I (Ang I). Ang I can be converted to 
Ang II by angiotensin-converting enzyme (ACE). Ang II binds AT1 and AT2 receptors. Ang I and Ang II can be converted by ACE2 to Ang-
(1-9) and Ang-(1-7) respectively. Ang-(1-9) can subsequently be converted into Ang-(1-7) by ACE.   Ang II and Ang-(1-7) exert 
counteractive effects.   

4. Impact of virus infection on ACE2 in 

COVID-19 patients 
SARS-CoV-2 cell entry causes down-regulation of 

ACE2 receptors, with subsequent loss of catalytic 

activity of these receptors. The virus-mediated loss 

of ACE2 is considered to shift the system to an 

overall higher Ang II, and lower Ang-(1-7) tone and 

thereby alters the Ang II/Ang-(1-7) ratio (South et al., 

2020). Laboratory findings of COVID-19 patients 

indeed show a significant increase in serum 

angiotensin II levels, which is positively correlated 

with viral load and lung injury (Liu et al., 2020). As a 

consequence of the Ang II/Ang-(1-7) alteration, Ang-

(1-7) is no longer able to exert protective effects in 

organs, and unabated Ang II may be involved in the 

organ injury associated with severe COVID-19 (Liu et 

al., 2020). The dysregulated Ang II/Ang-(1-7) will 

interfere with viral infection resolution by favouring 

pro-inflammatory, pro-fibrotic and pro-coagulating 

responses.  

Patients with cardiovascular disease are at higher 

risk of progression to severe COVID-19 illness (Lippi 

et al., 2020; South et al., 2020; Zhou et al., 2020). 

Dysregulation of the RAAS system, as well as 

inappropriately high Ang II is involved in many 

cardiovascular disorders, including hypertension, 

diabetes mellitus, vascular disease, atherosclerosis, 

infarction and heart failure (Gavras & Gavras, 2002; 

Atlas, 2007; Iwai & Horiuchi, 2009).  
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Moreover, cardiovascular patients are often 

routinely treated with RAAS inhibitors (e.g. ACE 

inhibitors (ACEi) and angiotensin receptor 

blockers (ARBs)). Experimental evidence revealed 

the ability of ACEi and ARBs to increase ACE2 

receptor expression (Ferrario et al., 2005; Karram 

et al., 2005; Ishiyama et al., 2004). As an example, 

ARBs (e.g. Olmesartan) have been reported to 

increase both plasma concentration of Ang-(1-7) 

and cardiac ACE2 expression levels (Ishiyama et 

al., 2004; Iwata et al., 2010). Administration of 

ACEi similarly leads to increased cardiac ACE2 

mRNA, protein and activity (Ocaranza et al., 2006; 

Ferrario et al., 2005). Treatment-induced 

upregulation of ACE2 has been hypothesized to 

increase the risk for SARS-CoV-2 infection and 

severe COVID-19 illness (South et al., 2020). 

However, in literature, uncertainty remains about 

the effects of statin and ACEi treatment during 

COVID-19, as some research only reports minimal 

effect of these treatments (Iwata et al., 2011; 

South et al., 2020). As increased ACE2 expression 

might increase the susceptibility to SARS-CoV-2 

expression, intake of these drugs might 

predispose patients to the (cardiac) infection of 

SARS‐CoV‐2. On the other hand, since an increase 

of ACE2 exerts organ protective effects and 

contributes to repair after lung injury, one could 

suggest that ACE2 upregulation could prevent 

severe disease progression of patients on RAAS 

inhibitors. One paper even suggests that ACEi and 

ARB treatment may improve outcomes in 

patients with ARDS (Karram et al., 2005). 

Clinical advices differed early in the COVID-19 

outbreak and some physicians advices to halt 

ACEi/ARB treatment to avoid the potential 

increased risk of SARS-CoV-2 infection due to the 

possible ACE2 upregulation. However, in CVD 

patients, treatment withdrawal could be very 

harmful and could increase their risks of 

cardiovascular events. At present, since no solid 

evidence exist on the potential benefit or harm of 

these treatments, nearly all major societies have 

recommended against changing treatment 

protocols in CVD patients, unless done on clinical 

reasons independently of COVID-19 (Clerkin et 

al., 2020).   

In summary, the present insights demonstrate 

the ability of ACEIs/ARBs to increase the 

expression and activity of ACE2 in heart and lung 

tissue performing the protective role in these 

systems. However, influence of ACEIs/ARBs on 

ACE2 expression outside these organs, as well as, 

whether these treatments could contribute to 

the degree of infection, remains uncertain.   

5. Characterizing mild and severe 

COVID-19 patients 
SARS-CoV-2 produces an acute viral infection in 

humans. Since the virus predominantly gains 

entry through the lungs, SARS-CoV-2 infection 

primarily results in lung injury. The most reported 

symptoms of COVID-19 include common 

respiratory virus infection symptoms such as 

fever, cough, fatigue and dyspnea. More rare 

symptoms include diarrhoea and vomiting (Fu et 

al., 2020; Zhang et al., 2020). The most common 

laboratory abnormalities in COVID-19 patients 

are lymphocytopenia and elevated levels of C-

reactive protein and increased lactate 

dehydrogenase (LDH) (Fu et al., 2020). COVID-19 

involves many organs and tissues in the human 

body (Fu et al., 2020). In one study, 36.4% of the 

patients presented with neurological 

manifestations, suggesting the involvement of 

the nervous system (Mao et al., 2020). 

Additionally, the involvement of eye (ocular 

surface infection), heart (arrhythmia, acute heart 

injury), kidney (impaired renal function), liver 

(abnormal liver function, microvesicular 

steatosis), and intestines have been reported in 

COVID-19 patients (Huang et al., 2020; Li et al., 

2020; Xiao et al., 2020; Wang L. et al., 2020).  

Although most patients present with mild 

symptoms, a substantial percentage of patients 

progress to severe COVID-19 illness (Fu et al., 

2020). Already early in the pandemic, a severely 

dysregulated immune system, or cytokine storm 

was proposed to be associated with this 

progression to severe disease (Mehta et al., 2020; 
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Ye et al., 2020; Thevarajan et al., 2020). The 

cytokine storm is considered to be one of the 

major causes of ARDS and multiple-organ failure 

(Chousterman & Weber, 2017) and plays a vital 

role in disease aggravation (Shimabukuro-

Vornhagen et al., 2018).  

Severely ill patients are prone to a variety of 
complications, of which acute respiratory distress 
syndrome (ARDS) is the most frequent (Fu et al., 
2020). ARDS is associated with the excessive 
release of pro-inflammatory cytokines and 
recruitment of white blood cells (WBCs; 
granulocytes and monocytes) into the lung. ARDS 
patients manifest with pulmonary oedema due to 
enhanced pulmonary vascular permeability. 
Oedema can result in decreased oxygen 
perfusion and combined with subsequent 
hypoxia-induced alveolar injury, and this can 
ultimately result in respiratory failure. (Matute-
Bello et al., 2008; Katzenstein et al., 1976). Next 
to this inflammatory response, viral infection in 
the brain could attenuate the brain respiratory 
center and could additionally lead to respiratory 
failure in COVID-19 patients (Li et al., 2020).  

Next to ARDS, cardiovascular-related pathologies 
were second most reported COVID-19 
complications (Wang C., 2020; Fu et al., 2020). 
COVID-19-associated myocardial injury has been 
proposed to result from two mechanisms. First of 
all, myocardial injury can result from the direct 
effect of SARS-CoV-2 infection on the heart, 
resulting in acute myocarditis. Secondly, 
myocardial injury can result from a similar 
dysregulated inflammatory response as is 
involved in the pathogenesis of ARDS. The latter 
is manifested by increased levels of pro-
inflammatory cytokine interleukin-6 (IL-6), LDH 
and D-dimer (Clerkin et al., 2020). Other organ 
injuries, such as renal insufficiency, is also 
thought to be caused by a detrimental 
dysregulated immune response. In a substantial 
part of the patients, these complications can 
progress to multi-organ failure or septic shock, 
which could ultimately result in death (Chen et 
al., 2020; Huang et al., 2020; Wang et al., 2020).  
To sum up, ARDS and cardiovascular pathologies 
are the most common complications of severe 
COVID-19 illness. A severely dysregulated 
immune response is thought to play an important 

role in the organ injuries observed in severe 
COVID-19 patients.   

6. Cytokine storm in severe COVID-19 
A severely dysregulated immune response, or 

cytokine storm, refers to an excessive and 

uncontrolled release of pro-inflammatory 

cytokines. The cytokine storm usually originates 

from the focal infected area (i.e. lungs in SARS-

CoV-2 infection) and subsequently spreads via 

the blood circulation to other organs (Tisoncik et 

al., 2012). Research investigating  SARS and MERS 

pathology showed that massive inflammatory cell 

infiltration and cytotoxic cytokine production 

could result in acute lung injury, acute respiratory 

distress syndrome (Figure 2) (ARDS) and death 

(Channappanavar  & Perlman, 2017) and 

accumulating evidence indicates that the 

cytokine profile in severe COVID-19 patients 

resembles the cytokine storm in SARS and MERS. 

During SARS-CoV infection, IFN-α, IFN-γ, IL-1β, IL-

6, IL-12, IL-18, IL-33, TNF-α, TGFβ, and 

chemokines (CCL2, 3, 5 & CXCL8-10) were 

associated with ARDS, whereas during MERS IL-6, 

IFN-α, and CCL5, CXCL8, CXCL-10 were 

significantly upregulated in severe patients 

compared to mild patients (Cameron, 2008; 

Channappannavar & Perlman, 2017; Fu et al., 

2020; Mehta et al., 2020; Min  et al., 2016; Rockx 

et al., 2009; Thevarajan et al., 2020; Totura & 

Baric, 2012; ; Ye et al., 2020).  

Laboratory examination of severe COVID-19 

patients revealed similar increased pro-

inflammatory cytokine expression in severe 

patients compared to mild patients, including the 

cytokines IL-1B, IL-2, IL-6, IL-7, IL-8, IL-10, G-CSF 

(granulocyte-colony stimulating factor), IP10 

(interferon-gamma-inducible protein), MCP1 

(monocyte chemoattractant protein), MIP1A 

(macrophage inflammatory protein 1 alpha) and 

TNFα (tumour necrosis factor-alpha) (Wan  et al., 

2020; Conti  et al., 2020; Chen et al., 2020; Wu & 

Yang., 2020; Pedersen et al., 2020; Huang et al., 

2020; Wang et al., 2020; Thevarajan et al., 2020).   

The pro-inflammatory cytokines IL-1ß, IL-6 and 

TNFα are involved in initiating the inflammatory 

response and are responsible for acute phase 
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signalling, immune cell recruitment to the site of 

infection, epithelial cell activation and secondary 

cytokine production by activated immune cells. 

They are furthermore responsible for causing 

systemic inflammatory symptoms (e.g. fever). 

Acute phase signalling in response to viral 

infection results in local effects and systemic 

alterations. The chemokines IL-8 and IP-10 are 

considered to recruit more immune infiltrates 

(Wu & Yang, 2020). Furthermore, high levels of IL-

1B, IFN-γ, IP-10 and MCP-1 may activate T-helper 

type 1 (Th1) cell response, which is a crucial 

player in activating the specific immunity (Huang 

et al., 2020; Marchingo et al., 2020). Moreover, 

some cytokines (e.g. IL-1β, TNFα) mediate the 

activation of Th17 cell type responses and result 

in Th17 cytokine secretion (e.g. IL-17). These 

Th17 cytokines are considered to contribute to 

the cytokine storm in pulmonary infection and 

the formation of oedema, as seen in SARS-CoV-2 

infection (Figure 2) (Tse  et al., 2004; Wu  & Yang, 

2020). Additionally, the production of IL-10 

indicates an additional involvement of activated 

Th2 cells (Zhu J., 2010) (Figure 2).  

Contrastingly, a significant decrease in anti-viral 

cytokine IFN-γ expression in CD4+ T-cells has 

been observed in severely ill patients (Pedersen 

et al., 2020). IFN-γ is usually involved in 

inflammation resolution through repression of 

IL1B and inhibition of neutrophil recruitment to 

the site of inflammation (Blazek   et al., 2015). In 

the end, the cytokine storm is considered 

responsible for a violent attack by the immune 

system to the body.  

Regarding the cellular immune response, 

compared to mild patients, severe patients show 

an increase in white blood cells (WBC), mainly 

macrophages (Chen et al., 2020, Zhang et al., 

2020) and increased WBC recruitment from 

circulation to the lungs (Figure 2) (Liao et al., 

2020). Moreover, a significant reduction and 

exhaustion of surviving NK cells has been 

reported in severe patients compared to mild 

patients. Regarding the adaptive cellular 

immunity, severe patients more frequently 

present with a significant reduction and 

exhaustion of T-lymphocytes (CD4+ and CD8+) 

(Diao  et al., 2020; Zheng  et al. 2020). Finally, 

critical patients show characteristics of an 

impaired immune system revealed by splenic 

atrophy and lymph nodes, along with reduced 

lymphocytes in lymphoid organs (Zhang  et al., 

2020). These findings further underline a severely 

impaired immune regulation in COVID-19 

disease. 

In summary, excessive local release of cytokines, 

in combination with a reduced functioning 

cellular immune response is considered the 

decisive factor responsible for the pathological 

change and clinical manifestations observed in 

severe COVID-19 (Figure 2). 
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Figure 2, proposed immune response during SARS-CoV-2 infection. Uptake of SARS-CoV-2 in the lung results in inflammation. 
Activation of immune cells leads to excessive production of pro-inflammatory cytokines. Cytokine storm spread via circulation 
results in other organ injuries (e.g. acute myocardial injury). The hyperinflammatory response ultimately results in acute 
respiratory distress syndrome (ARDS) and acute myocardial injury. The figure is made with Biorender (https://biorender.com/) 

7. Discussion/conclusion 
In conclusion, the dysregulated RAAS in 

combination with chronic inflammation in 

patients with underlying CVD may predispose 

these patients to severe COVID-19 infection. 

Local excessive release of cytokines, in 

combination with a reduced functioning cellular 

immune response, is considered the decisive 

factor responsible for the pathological change 

and clinical manifestations in COVID-19 disease.  

This uncontrolled immune response is considered 

to result in ARDS and multiple organ failure, and 

could ultimately result in death in severe cases of 

SARS-CoV-2 infection. Interestingly, not all 

researches reported the same cytokines involved 

in the disease and therefore different immune 

involvement has been proposed by these studies.  

Most studies acknowledge an essential role of IL-

6 and TNFα within the cytokine storm and their 

levels have been correlated with ARDS severity 

and outcome. However, treatments targeting IL-

6 show mixed results (Jamilloux et al., 2020). 

Experimental studies on anti-IL-6 treatment 

report either a suppression or facilitation of viral 

replication (Velazquez-Salinas et al., 2019). 

Effective IL-6 inhibiting treatment is probably 

timing dependent (Velazquez-Salinas et al., 

2019). In contrast, conflicting results about IFN-γ 

levels in severe COVID-19 patients have been 

reported. Some studies showed an elevation, 

whereas others reported decreased  IFN-γ levels 

(Chen et al., 2020). Increased knowledge about 

the role of IFN-γ in COVID-19 could contribute to 

potential treatments for severe COVID-19 

patients.  

Moreover, in most severe COVID-19 patients, a 

significant decrease in both CD4+ and CD8+ T-

lymphocytes is observed (Chen et al., 2020; 

Pedersen et al., 2020; Diao et al., 2020). 

Remarkably, studies focusing on the cytokine 

storm in COVID-19 indicate an activation of both 

cell types, which would generally lead to the 

proliferation of these T-cells. A possible 

explanation is that virus infection results in T-

lymphocyte suppression. It has been suggested 

that virus infection may dampen the anti-viral IFN 

response (Deng et al., 2020). More research into 

how virus infection results in this 

immunosuppression is required to understand 

the cytokine storm involved in COVID-19. 

https://biorender.com/
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Alteration of the Ang II/Ang-(1-7) ratio in CVD 

patients is likely to contribute to an enhanced 

inflammatory response, resulting in the cytokine 

storm seen in severe COVID-19 patients.  It should 

be noted that the organ protective functions of 

Ang-(1-7) depend on Mas receptor expression 

and ACE2 substrates, which could differ among 

tissue and cell types. As an example, Mas 

expression is abundant in mice brain and testis, 

whereas only low levels of Mas expression is 

observed in other tissues, including heart, kidney 

and lung (Villar & Pedersen, 1994; Metzger et al., 

1995). This low pulmonary and cardiac expression 

could indicate a minor role of Ang-(1-7)/Mas 

signalling in COVID-19 pathogenesis. Moreover, 

studies researching ACE2 overexpression reveal 

that ACE2 does not only have organ protective 

functions. ACE2 overexpression in transgenic 

mice has for example been associated with 

cardiac arrhythmias (Donoghue et al., 2003) and 

fibrosis in spontaneously hypertensive rats 

(Masson et al., 2009).  

As mentioned, Ang II negatively regulates ACE2 

expression by upregulation of the protease 

ADAM17, which is responsible for ACE2 cleavage 

(Xu et al., 2017). If patients have increased 

plasma Ang II levels, one could consider that Ang 

II-mediated downregulation of ACE2 would make 

a person less susceptible to SARS-CoV-2 infection. 

However, it should be noted that a direct 

connection between ACE2 expression and the 

susceptibility or severity of SARS-CoV-2 infection 

has not been proved. Cardiovascular tissues or 

cells expressing ACE2 are potentially at risk for 

SARS-CoV-2 infection; however, other factors 

including expression of the host proteases that 

prime the virus are required for infection as well 

(South et al., 2020). 

Next to Ang II, other substrates of ACE2 have 

been discovered, including physiologically active 

peptides such as des-Arg9-bradykinin, apelin-13, 

dynorphin A (1–13), and β-casomorphin (Vickers 

et al., 2002). Downregulation of ACE2 during 

SARS-CoV-2 infection is likely to affect these 

pathways too and could be contributing to the 

pathology of COVID-19. However, the extent to 

which these pathways are altered and contribute 

to COVID-19 illness remains to be investigated.  

Functions of ACE2 may, therefore, be more 

complicated than initially believed. It should be 

noted that the outlined RAAS system in this thesis 

is a simplified model of a highly advanced and 

complex mechanism. Regarding the functions of 

ACE2 within the RAAS system, the RAAS system 

certainly contributes to COVID-19 pathology. 

Further research into the role of the RAAS system 

in COVID-19 is required and could potentially 

contribute to novel therapeutic targets in 

severely ill patients. 

Evidence exists that certain ACEi and ARBs 

increase ACE2 expression. However, there are 

inconsistencies in the data. Not all studies report 

a similar increase, and some even indicate no 

effects of the same drugs. Even if ACEi and ARBs 

would affect ACE2 expression, it is not sure 

whether ACE2 expression would increase the risk 

for SARS-CoV-2 infection.  Moreover, since 

withdrawal of RAAS inhibitors could deteriorate 

cardiovascular disease, physicians should be 

cautious with drug alterations. Some cardiologists 

suggest that patients should discontinue 

ACEIs/ARBs to avoid the potential increased risk 

of SARS‐CoV‐2 infection, at this time, nearly all 

major societies have recommended against 

adding or stopping ACEi, ARBs, or other RAAS 

antagonists unless done on clinical grounds 

independently of COVID-19, given the lack of 

evidence available on their potential benefit or 

harm. 

Finally, the downregulation of ACE2 upon SARS-

CoV-2 infection contributes to further 

dysregulation of the RAAS system in 

cardiovascular patients. This dysregulated RAAS 

system combined with a severely dysregulated 

immune system might predispose CVD patients 

to severe COVID-19 illness. Still, uncertainty 

remains about the exact RAAS and immune 

system involvement. Increased knowledge about 

these pathways is required and would potentially 

contribute to novel therapeutic targets in severe 

COVID-19 disease.   
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