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A B S T R A C T   

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) and has resulted in hundreds of thousands of deaths worldwide. While the majority of people with COVID-19 
won’t require hospitalization, those who do may experience severe life-threatening complications, including 
acute respiratory distress syndrome. SARS-CoV-2 infects human cells by binding to the cellular surface protein 
angiotensin-converting enzyme 2 (ACE2); in addition, the cellular transmembrane serine protease 2 (TMPRSS2) 
is needed for priming of the spike (S) protein of the virus. Virus entry may also depend on the activity of the 
endosomal/lysosomal cysteine proteases cathepsin B, L (CTSB, CTSL) although their activity is likely dispensable. 
Given that the uncertainty of how COVID-19 kills, hampers doctors’ ability to choose treatments the need for a 
deep understanding of COVID-19 biology is urgent. Herein, we performed an expression profiling meta-analysis 
of ACE2, TMPRSS2 and CTSB/L genes (and proteins) in public repository databases and found that all are widely 
expressed in human tissues; also, the ACE2 and TMPRSS2 genes tend to be co-regulated. The ACE2 and TMPRSS 
genes expression is (among others) suppressed by TNF, and is induced by pro-inflammatory conditions including 
obesity, Barrett’s esophagus, stomach infection by helicobacter pylori, diabetes, autoimmune diseases and 
oxidized LDL; by exercise, as well as by growth factors, viruses’ infections, cigarette smoke, interferons and 
androgens. Regarding currently investigated therapies interferon-beta induced ACE2 gene expression in bron-
chial epithelial cells, while chloroquine tends to upregulate CTSB/L genes. Finally, we analyzed KEGG pathways 
modulated by ACE2, TMPRSS2 and CTSB/L and probed DrugBank for drugs that target modules of the affected 
pathways. Our data indicate possible novel high-risk groups for COVID-19; provide a rich resource for future 
investigations of its pathogenesis and highlight the therapeutic challenges we face.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) and since the initia-
tion of the pandemic it has caused globally hundreds of thousands of 
deaths [1]. While the majority of people with COVID-19 won’t require 
hospitalization (being asymptomatic or with mild symptoms) for those 
who need the clinical features may evolve to acute respiratory distress 

syndrome (ARDS) and cardiac injury. Major risk factors for developing 
severe symptoms is age, sex (with a prevalence in males), as well as 
obesity, diabetes, hypertension and respiratory or cardiovascular dis-
eases [2,3]. As no COVID-19 specific drugs are available [4] a better 
understanding of the underlying COVID-19 pathobiology is required. 

At the molecular level SARS-CoV-2 entry into target cells is facili-
tated by the spike (S) protein of the coronavirus. SARS-CoV-2 infection 
starts with binding to zinc metallopeptidase angiotensin-converting 
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enzyme 2 (ACE2) which enables viral attachment to the surface of target 
cells; an additional step refers to S protein priming by the trans-
membrane protease serine 2 (TMPRSS2) [5,6] (Fig. 1). Reportedly, furin 
protease is also likely involved in the SARS-CoV-2 infection process [7]. 
These processes are similar to those used for SARS-CoV transmissibility 
[8]. Notably, as for SARS-CoV where the endosomal cysteine proteases 
cathepsins B/L (CTSB, CTSL) are also needed for viral cell entry [8,9], 
ammonium chloride treatment strongly inhibited SARS-CoV-2 cell entry 
into TMPRSS2- 293T cells suggesting that SARS-CoV-2 can likely use 
either TMPRSS2 or CTSB/L for cell infection [5]. TMPRSS2 expression in 
lung tissues may be a determinant of viral tropism and pathogenicity at 
the initial site of SARS-CoV-2 infection [10], and, as for SARS-CoV [11], 
it may reduce viral control by the humoral immune response. Notably, in 
common with SARS-CoV, SARS-CoV-2 infection is enhanced by 
TMPRSS2 [10]. 

ACE2 is a critical component of the renin-angiotensin system (RAS) 
which plays a key role in maintaining blood pressure homeostasis, as 
well as fluid and salt balance [12]. The components of the system mainly 
include renin, angiotensinogen (AGT), angiotensin II (ANGII), angio-
tensin converting enzyme (ACE), angiotensin II type 1 receptor (AT1R) 
and angiotensin II type 2 receptor (AT2R) (Fig. 1). ANGII is generated by 
ANGI from ACE and is a key effector peptide of the system causing 
vasoconstriction. RAS overactivation has been implicated (among 
others) in the induction and progression of hypertension, atheroscle-
rosis, diabetes, heart failure, renovascular disorders, pulmonary hyper-
tension and fibrosis, pneumonia and sepsis [13,14]. ACE2, a highly 
homologous to ACE metalloprotease, functions as a negative regulator of 

the AGT system as it reduces ANGII levels by producing the sorter ANG 
(1-7) and ANG(1-9) peptides, which can then activate the 
anti-inflammatory and vasodilation-promoting receptor MAS (MASR) 
(Fig. 1) [14]. Recombinant ACE2 protects mice from severe acute lung 
failure and loss of ACE2 expression is likely involved in increased 
vascular permeability, one of the hallmarks in ARDS pathogenesis [15]. 
ACE2 also links amino acid malnutrition to intestinal inflammation, as it 
is a key regulator of dietary amino acid homeostasis, innate immunity 
and gut microbial ecology [16]. Overall, the balance between the 
ACE/ANGII/AT1R and the counter-regulatory ACE2/ANG(1–7)/MASR 
axes is critical in the physiological regulation of neural, cardiovascular, 
blood pressure and kidney functions [17]. 

Although ACE2 expression seems to correlate with susceptibility to 
SARS-CoV infection in cell assays and it is downregulated by SARS-CoV 
[18], the relationship between ACE2 expression levels and the suscep-
tibly to SARS-CoV-2 infection remains elusive; also, it is not clear 
whether SARS-CoV-2 infection interferes with ACE2 expression. None-
theless, it is logical to assume that high ACE2 expression levels and/or 
the simultaneous co-expression of the ACE2, TMPRSS2 and CTSB/L 
proteins in SARS-CoV-2 targeted tissues/cells may lead to higher risk for 
SARS-CoV-2 infection. To get more insights on this issue we mapped 
ACE2, TMPRSS2, CTSB and CTSL genes and corresponding proteins 
expression in human tissues and pathology, as well in response to 
SARS-CoV-2 used therapeutic treatments by analyzing expression 
datasets from GEO, ArrayExpress and Protein Atlas databases. Our 
findings provide a rational explanation for most of the clinical features 
of COVID-19. 

Fig. 1. Illustration of the main components of the ACE/ANGII/AT1R and ACE2/ANG(1–7)/MASR axes along with the other molecular components reported to be 
involved in SARS-CoV-2 infection (e.g. TMPRSS2 or FURIN) in human cells. The pathway of SARS-CoV-2 endocytosis and replication in cells is also indicated. ❶ 
SARS-CoV-2 (extracellular or in circulation); ❷ binding to ACE2; ❸ TMPRSS2 priming; ❹ clathrin-mediated endocytosis (entry to early and acidic late -microtubule 
bound-endosomes); ❺, ❻ uncoating and viral proteins synthesis in free and endoplasmic reticulum (ER) attached ribosomes; ❼ vesicle-mediated exocytosis; ❽ MHC 
class II and MHC class I antigen (Ag) presentation by endocytic compartments and proteasome respectively; ❾ immune cells attraction and development of immunity 
or elimination of infected cells. The hemagglutinin-esterase dimmer component of SARS-CoV-2 is not shown. → induction, ᅥinhibition. 
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2. Materials and methods 

2.1. Search strategy and selection of studies 

In this gene expression profiling meta-analysis study, the ACE2 
[ACE2 (ENTREZ ID 59272, ENSEMBL ENSG00000130234)] and 
TMPRSS2 [TMPRSS2 (ENTREZ ID 7113, ENSEMBL 
ENSG00000184012)] genes related microarray datasets were retrieved 
from NCBI and ArrayExpress databases. The selection of datasets from 
NCBI or ArrayExpress was based on the terms Homo sapiens [Organism], 
ACE2 [Gene symbol] or TMPRSS2 [Gene symbol] respectively, along 
with additional data filtering for up/down genes in the differential 
expression search filter in GEO Profiles of NCBI. The NCBI and 
ArrayExpress databases were also searched for currently investigated 
therapeutic approaches against COVID-19 [e.g. interferon-beta (IFN-β), 
remdesivir, lopinavir, ritonavir, chloroquine/hydroxychloroquine and a 
number of immunosuppressants] and the terms ACE2 [Gene symbol] or 
TMPRSS2 [Gene symbol]. The records collected after database search, 
include 63 ACE2, 150 TMPRSS2, 36 IFN-β, 34 chloroquine and 13 
hydroxychloroquine entries. 

2.2. Criteria for included studies 

Following the removal of duplicate entries from the NCBI and Array 
Express databases the unique datasets (n ¼ 250) were collected. Addi-
tional datasets were excluded by eliminating the non-GEO entries (n ¼
69) and those (n ¼ 26) with insufficient data. Specifically, datasets were 
excluded if these were non-GEO entries or if a very low number of 
samples per state/condition was provided, thus, the requirements of 
GEO2R tool were not met. Gene expression analysis of the 155 selected 
datasets was performed using the NCBI provided GEO2R tool, aiming to 
identify differential expression of the genes of interest (i.e. ACE2, 
TMPRSS2, CTSB and CTSL) across different experimental conditions; 
statistically significant cases (p-value <0.05) were chosen for visuali-
zation (see, PRISMA flowchart; Fig. S1) [19]. 

Additional information about the expression levels of ACE2, 

TMPRSS2, CTSB and CTSL genes and proteins across human tissues and 
recorded pathologies was gathered from The Human Protein Atlas 
database. Finally, the terms ACE2, TMPRSS2, CTSB and CTSL were 
searched in KEGG pathways and the found pathways/molecules were 
used to screen DrugBank for drugs (at various phases of development) 
that modulate identified KEGG pathways. 

3. Results 

Differential regulation of the SARS-CoV-2 spike protein receptor ACE2 
and of the priming protease TMPRSS2 genes in GEO and ArrayExpress 
databases. 

Given that SARS-CoV-2 infection rate in human cells likely depends 
on the expression levels of its receptor ACE2 and the priming protease 
TMPRSS2, we initially performed an expression profiling meta-analysis 
at the GEO and ArrayExpress microarrays databases. We found that the 
ACE2 gene is significantly less expressed in venous vs. arterial endo-
thelial cells; in biopsies of patients with nephrosclerosis (a hypoxia- 
related glomerulopathy), as well as in various biological settings 
following treatment with lipopolysaccharides, tumor necrosis factor 
(TNF) and interleukins � 4 (IL-4) and � 13 (IL-13) (Fig. 2A1, Table S1). 
TMPRSS2 gene was (among others) suppressed by TNF, hepatitis antigen 
HBsAg and influenza H1N1 virus; hypoxia, methotrexate, serum 
response factor and estradiol, the primary endothelial receptor LOX-1 
for oxidized LDL and oxidized LDL, ARC (a nucleoside analog with 
anti-cancer activity), sangivamycin (a nucleoside analogue and potent 
inhibitor of protein kinase C), the BET inhibitor I-BET762, as well as 
following TGFβ-activated kinase 1 (TAK1) knock down, mycophenolic 
acid or bicalutamide (an antiandrogen) treatment and prostate castra-
tion (Fig. 2B1, Table S2). The TMPRSS2 gene was also found to be 
significantly downregulated in many tumors or tumor cells. 

On the other hand, ACE2 gene expression is (among others; see 
Fig. 2A1, Table S1) induced by obesity, stomach infection by helicobacter 
pylori and interferons IFN-α and IFN-γ; also, it is upregulated following 
treatment with retinoic acid, the p160 steroid coactivator protein SRC-1, 
EGF/serum or FGFR stimulation, knock down of the RNF31 atypical E3 

Fig. 2. Patterns of differentially expressed ACE2 (A1) and TMPRSS2 (B1) genes, along with expression levels in human tissues [ACE2, (A2); TMPRSS2, (B2)] in GEO 
and ArrayExpress deposited experiments. Dashed line in (B2) represents the mean TMPRSS2 gene expression in female tissues. See also Tables S1 and S2. Bars, � SD. 
*, P < 0.05, **, P < 0.01. 
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ligase and by hepatocyte nuclear factor 1-beta. The expression of the 
TMPRSS2 gene is (among others; see Fig. 2B1, Table S2) elevated by 
androgens, androgen receptor (AR) activation/overexpression or by AR 
agonists; by cigarette smoke extract; in rectal suction specimens of cystic 
fibrosis patients, in nasal lavage samples obtained from asthmatic chil-
dren during an acute picornavirus-induced exacerbation, following 
rhinovirus infection, as well as in juvenile rheumatoid arthritis, diabetes 
and Barrett’s esophagus. Notably, the ACE2 and TMPRSS2 genes showed 
a trend for similar regulation in GEO, ArrayExpress experiments (Fig. S2; 
Tables S1 and S2). 

Our search in GEO and ArrayExpress databases showed that the 
ACE2 gene is highly expressed in thymus, lung, kidney, pancreas and 
heart (Fig. 2A2, Table S1); while, the TMPRSS2 gene is overexpressed in 
bladder, kidney, as well as in the tissues of the gastrointestinal and 
respiratory tract (Fig. 2B2, Table S2). Thus, the ACE2 and TMPRSS2 
genes are widely expressed in human tissues where they are induced in 
pro-inflammatory conditions and by androgens. 

Comparative analysis of ACE2, TMPRSS2, CTSB and CTSL genes and 
corresponding proteins expression patterns as depicted in Protein Atlas. 

We then collected data for ACE2, TMPRSS2, CTSB and CTSL genes 
and proteins expression data from The Protein Atlas database. The CTSB 
and CTSL genes are in general more homogeneously expressed and in 
higher levels, as compared to ACE2 and TMPRSS2, across different tis-
sues (Fig. 3A, Table S3). For ACE2 and TMPRSS2 genes very low 
expression levels were found in brain and blood tissues, as well as in 
most cell lines studied; on the contrary, high ACE2 and TMPRSS2 genes 
co-expression was found in kidney, gallbladder, colon duodenum, small 
intestine, salivary and thyroid glands. Also, the ACE2 gene is highly 
expressed in heart and in testis. 

Similarly, according to Protein Atlas database the ACE2 protein is 
expressed in adrenal gland and testis and in high levels at the gastro-
intestinal tract; while TMPRSS2 in highly expressed in kidney and in the 
gastrointestinal tract (Fig. S3; Table S4). A notable observation in these 
analyses was again a tendency for a positive correlation of the ACE2 and 
TMPRSS2 genes expression patterns (Fig. 3B); thus, an intervention that 
modulates either ACE2 or TMPRSS2 expression would likely also affect 

the non-targeted gene. 
Regulation of the ACE2, TMPRSS2, CTSB and CTSL genes following 

treatment with IFN1-β, chloroquine or hydroxychloroquine and screening of 
KEGG pathways and DrugBank for the identification of possible anti COVID- 
19 treatments. 

Given that a number of combinational therapeutic schemes [4] are 
currently being prioritized for COVID-19 treatment, we also performed a 
more focused search in GEO and ArrayExpress databases for these drugs 
and the ACE2, TMPRSS, CTSB/L genes. Our findings are shown in Fig. 4 
(see also Tables S5–S7) and refer to experiments containing information 
for IFN-β, chloroquine and hydroxychloroquine. Interestingly, IFN-β 
significantly induced ACE2 gene expression in bronchial epithelial cells 
(Fig. 4A; Table S5). On the other hand, chloroquine administration in 
HIV-infected patients tended (non-significant) to induce CTBS gene 
expression, likely due to a negative feedback loop aiming to restore 
physiological cathepsins activity (Fig. 4B, Table S6). Finally, hydroxy-
chloroquine suppressed ACE2 and TMPRSS2 genes expression and 
induced CTSB and CTSL genes expression in PBMC cells of systemic 
lupus erythematosus patients (Fig. 4C, Table S7). 

We then analyzed KEGG pathways modulated by ACE2, TMPRSS2 
and CTSB/L and found ACE2 to be involved in renin-angiotensin system 
and protein digestion; TMPRSS2 in transcriptional mis-regulation in 
cancer, prostate cancer and influenza A; and CTSB/L, in renin secretion, 
antigen processing/presentation, autophagy, lysosome, phagosome, 
apoptosis, NOD-like receptor signaling pathway, proteoglycans in can-
cer, rheumatoid arthritis, fluid shear stress and atherosclerosis 
(Table S8). Modules of these pathways were used to probe DrugBank in 
order to identify drugs (experimental, in trials or approved) that target 
components of these pathways; we also searched for clathrin-mediated 
endocytosis-, actin- and tubulin-polymerization inhibitors 
(Tables S9–S26; see also, Fig. 1). A number of potentially useable drugs 
include anti-androgens or AR inhibitors, vasodilators, TNF blockers or 
interleukins’ activity modulators (Tables S9–S26). 

Fig. 3. Comparative ACE2, TMPRSS2, CTSB and CTSL genes (mRNA) expression and correlative co-expression analyses (B) at the shown tissues or cell types/lines 
(Protein Atlas data). See also, Table S3. 
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4. Discussion 

Our findings indicate that the major cellular components (i.e. ACE2, 
TMPRSS2 and CTSB/L) that enable SARS-CoV-2 infection in human cells 
are widely expressed in human tissues; being enriched in kidney, heart 
as well as in the tissues of the gastrointestinal and respiratory tract, with 
minimal expression (for ACE2 and TMPRSS2 genes) levels in brain and 
blood cells. These data are in accordance to recent similar approaches 
focused solely on the ACE2 gene [20,21]. Regarding lung (a primary site 
of infection) it was recently found that both the ACE2 and TMPRSS2 
genes are primarily expressed in bronchial transient secretory cells [22]; 
it was also found that SARS-CoV-2 entry factors are highly expressed in 
nasal epithelial cells [23]. The enrichment of all SARS-CoV-2 infec-
tion-related cellular components in the gastrointestinal tract, explain 
diarrhoea and SARS-CoV-2 sustained isolation from stool as a major 
symptom of COVID-19 [2,24], and suggest that the intestine may 
represent a major entry site for the virus due to consumption of 
contaminated food. Considering that ACE2 expression correlates with 
SARS-CoV (the close relative of SARS-CoV-2) infection rate in cells [15, 
18], it is likely that even in patients with no underlying morbidities most 
major human organs are potentially vulnerable to COVID-19. 

In addition of tissues/organs enrichment to ACE2, TMPRSS2 and 
CTSB/L genes expression, we also found that the ACE2 (likely as a 
counterbalancing anti-inflammatory response) and TMPRSS2 genes are 
induced in various pro-inflammatory conditions including obesity, 
Barrett’s esophagus, stomach infection by helicobacter pylori, diabetes, 
autoimmune diseases and oxidized LDL. Several of these morbidities 
have been already recognized as risk factors for severe disease and death 
[2] while others indicate novel possible risk factors for severe 
COVID-19. Notably, in the particular biological settings assayed, these 
genes were induced by exhaustive and likely moderate exercise, as well 
as by cigarette smoke, growth factors, viruses’ infections and interferons 
(see below); we also found a strong positive regulation by androgens 
largely explaining the increased sensitivity of men to COVID-19 [2]. 

In high-risk COVID-19 conditions like hypertension, respiratory 
disease and cardiovascular disease the ACE/ANGII/AT1R axis is over-
active and likely ACE2 expression (and thus SARS-CoV-2 available 
binding sites) increases when patients are treated with drugs that sup-
press ACE/ANGII/AT1R (e.g. AT1R blockers) [25]. So, when a hyper-
tensive patient is infected by SARS-CoV-2 it is in high risk simply 

because the ACE/ANGII/AT1R is overactive (but partly suppressed by 
AT1R blockers) and ACE2 is overexpressed. The infection by 
SARS-CoV-2 likely eliminates the ACE2/ANG(1–7)/MASR regulatory 
axis (Fig. 1) leading to sudden exaggeration of the ACE/ANGII/AT1R 
activity, causing thus ARDS and at the systemic level (among others) 
kidney and cardiac failure (Fig. 5). Indeed, SARS-CoV infection in mice 
downregulates ACE2 protein (but not ACE) contributing to severe lung 
injury [12]. Also, loss of ACE2 expression and locally increased ANGII 
production triggers leakage of pulmonary blood vessels through AT1R 
stimulation in ARDS [15]. Interestingly, in a model of 
nanoparticles-mediated lung injury due to direct binding to ACE2 (that 
led to suppression of ACE2 activity and expression levels) the adminis-
tration of losartan (an AT1R antagonist) can ameliorate 
nanoparticles-induced lung injury [26]. 

Since ACE2, TMPRSS2 and CTSB/L genes are widely expressed in 
human tissues (e.g. heart and kidney) leakage of pulmonary blood 
vessels during ARDS (Fig. 5) would likely allow virus spreading in the 
circulation enabling direct infection of these organs, decreased ACE2/ 
ANG(1–7)/MASR activity and systemic failure. Although there is likely 
no detectable viremia (i.e., infectious virus in plasma) during asymp-
tomatic infection or prior to clinical disease [27], SARS-CoV-2 RNA has 
been detected in blood donations from patients with mild symptoms 
[28] and detectable SARS-CoV-2 viral RNA in blood is a strong indicator 
for further clinical severity [24]. Overall, and since aging (another risk 
factor for COVID-19) correlates with increased ACE1/ACE2 ratio in a rat 
model [29], high risk COVID-19 patients (or even not hypertensive pa-
tients as a prophylactic measure) should likely receive additional RAS 
inhibitors to decrease systemic damage risk. 

Given the delicate balance between the ACE/ANGII/AT1R and 
ACE2/ANG(1–7)/MASR regulatory axes along with the aforementioned 
morbidities being induced due to disruption of this balance in favor of 
ACE/ANGII/AT1R activation, the development of effective COVID-19 
therapeutics seems particularly puzzling. Specifically, COVID-19 is a 
two-phase disease, namely a. infection and spreading (life cycle) of the 
virus (Fig. 1; ❶ - ❾) in the respiratory and, likely, gastrointestinal tracts, 
and b. ARDS induction which can then lead to systemic failure (Fig. 5; ❶ 
- ❹). Thus, as it is seemingly both the virus and the uncontrolled 
response of a patient’s immune system that promote lethality; effective 
treatments therefore, should probe both the life cycle and the side- 
effects induced by SARS-CoV-2. Current, under investigation or in 

Fig. 4. Differential regulation of ACE2, TMPRSS2, CTSB and CTSL genes following treatment in shown biological settings with IFN1-β (A), chloroquine (B) or 
hydroxychloroquine (C). Data from GEO and ArrayExpress. See also Tables S5–S7. Bars, � SD. *, P < 0.05, **, P < 0.01. 
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clinical trials, therapeutics for COVID-19 include azithromycin (bacte-
rial protein synthesis inhibitor), chloroquine/hydroxy-chloroquine 
(lysosomotropic agents inhibiting the activity of endosomal/lysosomal 
compartments), lopinavir/lavipiravir/remdesivir (antiviral drugs) and 

ocilizumab (a humanized monoclonal antibody against the IL-6 re-
ceptor) [4]. For alternatives and/or additional combinatorial ap-
proaches, we searched KEGG pathways for the ACE2, TMPRSS2, CTSB 
and CTSL terms (Figs. S4-S6) and DrugBank for agents (at various phases 
of development) (Tables S9–S23) that target modules of the found 
pathways; additional information for clathrin-mediated endocytosis, as 
well as for actin or tubulin polymerization inhibitors in shown in 
Tables S24–S26. 

For targeting the virus life cycle the magic bullet will be the devel-
opment of an effective vaccine; here, cell lines that express ACE2 (see 
Fig. 3A2, Table S3) and facilitate viral replication may be most efficient 
in large-scale vaccine production. In another approach, soluble ACE2 (e. 
g. rhACE2; APN01, GSK2586881) can be likely used to neutralize the 
virus by competitive binding and also rescue cellular ACE2 activity. 

Towards blocking SARS-CoV-2 binding to ACE2 or reducing avail-
able binding sites by ACE2 downregulation possible approaches may 
involve, a. antibodies or small molecules that target ACE2, e.g. 
SSAA09E2 which blocks early interactions of SARS-CoV with ACE2 [30], 
or b. TNF, androgen or AR inhibitors (see Tables S9–S26) as we found 
that these interventions can strongly suppress ACE2 and TMPRSS2 genes 
expression. Yet, given the anticipated toxic effects of systemic loss-of 
ACE2 activity whatever intervention should be transient and with con-
stant monitoring of the clinical output. An alternative (and likely safer as 
compared to ACE2 inhibition) approach would be the usage of TMPRSS2 
specific inhibitors. TMRPSS2 is druggable and camostat mesylate 
partially blocked SARS-CoV-2 entry into Caco-2 and Vero-TMPRSS2 
cells [5]. Additional benefits of TMRPSS2 inhibition would be the 
reduced viral tropism at the initial site of SARS-CoV-2 infection and 
enhanced humoral immune responses (see above). Next steps to be 
targeted at the SARS-CoV-2 life cycle include membrane fusion and 

clathrin-mediated endocytosis. Here, the clathrin-mediated endocytosis 
inhibitor ikarugamycin [31], the dynamin inhibitor dynasore (or its 
analogs) [32] or the actin depolymerizing drug latrunculin B [33] can be 
tested in preclinical models. Also, SSAA09E3 prevents fusion of the viral 
membrane with the host cellular membrane in a SARS-CoV infection 
model [30]. Intracellularly, novel SARS-CoV-2 specific antiviral drugs 
will target the SARS-CoV-2 main protease due to its essential role in 
processing the polyproteins that are translated from the viral RNA [34]; 
alternatively, existing antiviral can be tested, as according to molecular 
docking studies they bind tightly to RNA dependent RNA polymerase 
[35]. 

Other intracellular components of the virus life cycle that can be 
targeted, include tubulin and/or CTSB/L (Fig. 1). For the former, 
colchicine (a tubulin polymerization inhibitor [36]) is a promising (at 
least in patients with ARDS [37]) drug, while for the latter, chloroquine 
or hydroxy-chloroquine are already used against COVID-19 [38]. Yet, in 
spite of promising clinical data obtained for 
chloroquine/hydroxy-chloroquine, which could also relate to reduced 
renin production (Fig. S4), these lysosomotropic agents inhibit the ac-
tivity of endosomal/lysosomal compartments non-specifically. Thus, 
existing CTSB/L specific inhibitors, some of which are of endogenous 
origin and function as regulators of cathepsin B activity in the cell, such 
as the cystatins [39], can be also considered. Notably, cathepsins B/L 
activity increases significantly with age [40] and has been associated 
with arterial stiffening and atherosclerotic vascular disease [41]; these 
observations further support the notion that age and cardiac dysfunction 
are risk factors for COVID-19. At the dark side of inhibiting the acidic 
cellular endosomal compartments or CTSB/L is their functional 
involvement in MHC class II antigen (Ag) presentation (Fig. 1) [42]. 
Thus, the usage of chloroquine/hydroxychloroquine; CTSB/L specific 
inhibitors or even the excessive contamination of the endosomal com-
partments by the virus itself could suppress MHC class II antigen (Ag) 
presentation. This functional output along with the presence of O-linked 
glycans at the surface of the virus [43] could result in immunoevasion. 

Fig. 5. Graphical illustration of ACE2, TMPRSS2, CTSB and CTSL proteins expression in various somatic tissues as per the Protein Atlas database (A) (see also, 
Fig. S3, Table S4). The distinct, i.e. early (B) and acute (C) phases of SARS-CoV-2 infection in lung alveoli are also shown. The major cell types, local tissue alterations 
and inflammatory cytokines that relate to the disease in the lung are indicated. ❶ Sites of SARS-CoV-2 entry in the body; ❷ likely inflammatory responses at the 
gastrointestinal tract; ❸ early phases of virus entry to the lung – binding to the alveolar epithelial cells; ❹ acute phase of ARDS, cytokine storm and likely virus entry 
to the circulation – systemic collapse. 
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In this case, clearance of the virus may proceed via 
proteasome-mediated MHC-I related Ag presentation (Fig. 1) [44] and 
the activity of specific immune cells (e.g. NK cells). Proteasome is 
downregulated during aging [45] and is less responsive to IFN-γ [46], 
which would then result in reduced Ag presentation in MHC I molecules 
and consequently reduced immune responses (Fig. 1) in the elderly; in 
this context drugs and/or small molecules that activate proteasome 
could provide useful additive therapeutics against COVID-19. Our pre-
vious high-throughput screenings for the identification of natural 
products modulating proteostatic pathways has revealed promising 
candidates that exert anti-oxidant activity and a parallel combinatorial 
action as CTSB/L inhibitors and proteasome activators (unpublished 
data). 

In relation to phase 2 of the disease i.e. ARDS induction and the 
cytokine storm which can then lead to systemic failure [47] along with 
the downregulation of ACE2 due to SARS-CoV-2 infection we propose 
that the use of the ANG(1-7) peptide (or non-peptide analogs) could 
bypass the loss of ACE2 and reactivate the 
anti-inflammatory/vasodilatory MASR signaling pathway (Fig. 1). In 
support, ANG(1-7) protects endothelial cells from high glucose-induced 
injury and inflammation [48], improves the action of insulin [49] and 
has shown protective action in heart failure [50] and stroke [51]. Due to 
the likely COVID-19 infection-mediated overactivation of the 
pro-oxidative ACE/ANGII/AT1R axis which can then promote endo-
thelial dysfunction due to dysbalanced nitric oxide and reactive oxygen 
species ratios in the vessel wall [52], the use of drugs that activate 
anti-oxidant cellular defenses or act as radicals scavengers could be an 
additional prophylactic intervention. Finally, regarding COVID-19 
induced cytokine storm, i.e. the uncontrolled systemic inflammatory 
response resulting from the release of large amounts of pro-inflamma-
tory cytokines [2,47], the idea of inhibiting key pro-inflammatory cy-
tokines (e.g. the IL-6 receptor by tocilizumab) makes sense [47]; 
obviously however, an excessive inhibition of the immune system by 
corticosteroids should be avoided [53]. Our findings that interferons, 
and especially IFN-β and IFN-γ, induce the ACE2 gene (Figs. 2A and 4А; 
Tables S1 and S5) indicate that their therapeutic activation could 
upregulate the bindings sites and hence infection rates of the virus in 
targeted tissues. Thus, the regulation of the ACE2, TMPRSS2 and CTSB/L 
genes from immune system key effector molecules should be studied in 
details. 

In conclusion, our data indicate possible novel high-risk groups for 
COVID-19; they also provide a rich resource for a. future investigations 
of COVID-19 pathogenesis and b. possible combinatorial therapeutic 
approaches. 
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