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Abstract
Background: Severe acute respiratory syndrome coronavirus (SARS-CoV2) is a highly pathogenic
respiratory virus that causes morbidity and mortality in humans. The lungs are the major pathological
target of SARS-CoV infection. The pathological derangements, aberrant signalling and dysregulated
in�ammation characteristics of lung cancer have marked similarities with the clinical manifestation of
SARS-COV2 infection. As heightened in�ammatory response is a key feature of both SARS-CoV infection
and lung cancer and given the intriguing commonalities between the two, we analysed the RNA sequence
dataset from lung cancer patients to get a better understanding of the critical regulators of in�ammation
in SAR-COV2.

Methods: The Cancer Genome Atlas (TCGA) data sets of lung cancer were analyzed for correlations
between ACE2, Bradykinin, and other genes associated with in�ammatory responses.

Results: TCGA dataset analysis indicated an inverse correlation between ACE2 and Bradykinin Receptor 1
(BDKRB1), IL-6 and IFNg in lung adenocarcinoma. A positive correlation between EGF, FOLR1, MAOA,
NOSTRIN, MARC2, PHKD1, and ACE2 was noted

Summary: Our analysis has identi�ed a common (i) ACE2- BDKRB1-in�ammatory network and (ii) FOLR1-
Nitric oxide cross-talk in lung cancer and SARS-CoV2. Better understanding of the convergences between
critical players in these networks would enable e�cient repurposing of approved lung cancer therapeutics
for COVID-19 infection. 

Background
Identi�cation of SARS-CoV in the lung tissue of all patients who died with probable severe acute
respiratory syndrome (SARS) but not from non-SARS control, support the primary involvement of lungs in
Coronaviruses (CoV) associated deaths [1]. Cytokine storm triggered by SARS-CoV induces strong pro-
in�ammatory response in the lungs which subsequently leads to pulmonary �brosis [2]. Coronaviruses
bind to their target cells through angiotensin- converting enzyme 2 (ACE2) [3], and infection is
characterised by acute respiratory distress syndrome (ARDS). Loss of pulmonary ACE2 function has been
associated with acute lung injury [4] and SARS-CoV infection [5].

The involvement of Bradykinin pathway in the response to ACE inhibition is well documented.
Accumulation of Bradykinin- a 9 aa peptide generated under patho-physiologic conditions such as
in�ammation, shock, and allergy, contributes to the bene�cial effects of ACE inhibitors [6]. Bradykinin
mediates its effect through bradykinin receptors 1 and 2 (BDKRB1 and BDKRB2). While BDKRB2 is
constitutively expressed in the endothelium, BDKRB1 levels are elevated in response to chronic
in�ammation [7, 8]. Reduction of Bradykinin degradation has been linked to ACE inhibitor-related
angioedema [9].
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Bradykinin and its receptors are involved in chronic in�ammatory response in asthmatic airways [10].
SARS-CoV mediated increase in pro-in�ammatory cytokine levels has been suggested to cause immuno-
mediated damage to the lungs and other organs [11]. Reduction in pulmonary ACE2 activates BDKRB1
signalling, release of pro-in�ammatory chemokines, neutrophil recruitment and exaggerated lung
in�ammation [12]. Besides, lung cancer cells use bradykinin as an autocrine factor to stimulate their
growth [13], and the potential of Bradykinin antagonist in the treatment of lung cancer is recognized [14].
Bradykinin antagonist dimer is known to inhibit the growth of human lung cancer cell lines [15].

Given the commonalities between autosomal dominant polycystic kidney disease (ADPKD) and renal cell
cancer [16], it has been suggested that comparison of these two diseases might indicate ways in which
therapies developed for one disease might be applied to the other. Severely affected lungs characterised
by pulmonary �brosis is a major complication that accompanies SARS-CoV infection. With risk of lung
cancer being higher in idiopathic pulmonary �brosis [17], �brotic changes in the lungs are common to
both CoV infection and progression to lung cancer. Also, conformational �ngerprinting of human ACE
demonstrated signi�cantly altered ACE expression and activity in tumor lung tissues [18].

Interestingly, the use of ACE inhibitors is associated with an increased risk of lung cancer [19].
Considering the common involvement of ACE2 in both lung cancer and SARS-CoV2 infection, we
analysed the patient lung cancer TGCA dataset to �nd interaction between ACE2 and genes involved in
the disease progression. We surmised that viewing SARS-CoV2 through the lens of lung cancer would
deepen our understanding of the host responses in CoV infection through insights gained from lung
cancer.

Materials And Methods

Analysis of Lung Cancer data
For studying the genes co-expressed with ACE2 in lung cancer, transcriptome sequencing (RNA-seq) data
from TCGA Lung adenocarcinoma data set was downloaded from cBioPortal [20]. Spearman’s rank
correlation coe�cient for RNA expression values of BDKRB1, IL6, IFNG, MAOA, NOSTRIN, FOLR1, MARC2,
PHKD1, EGF and ACE2 in lung cancer was calculated using GraphPad Prism. Heatmap was plotted using
Heatmapper [21]. The effect of positive regulators of ACE2 on BDKRB1-IL6-IFNg network was validated
using Spearman’s rank correlation analysis.

Statistical analysis
All correlation tests were performed using Spearman’s rank correlation analysis unless otherwise stated.
All p-values less than 0.05 were taken as signi�cant.

Results
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Negative correlation between BDKRB1, IL6, IFNγ and ACE2
in lung cancer
On investigating the association between ACE2 and BDKRB1 in lung cancer patients, a negative
correlation between the two was observed (Figure 1a). A negative correlation between pro-in�ammatory
IL-6, immune-modulatory cytokine Interferon gamma (IFNγ) and ACE2 was also noted (Figure 1b).
However, no signi�cant association between ACE2 and other cytokines such as IL-1b, TNFa and CXCL8
was observed (Figure 1b).

Genes with positive correlation with ACE2 in lung cancers
A positive correlation was observed between ACE2 and Nitric Oxide Synthase Tra�cking (NOSTRIN).
Other genes such as EGF (Epidermal growth factor), FOLR1 (folate receptor a), MAOA (Monoamine
oxidase), MARC2 (Mitochondrial amidoxime reducing component 2) and PKD1 (Polycystic kidney
disease 1) were also found to be positively co-related with ACE2 (Figure 2a). The genes that were
positively correlated with ACE2, was found to be negatively co-related with BDKRB1-IL6-IFNg network
(Figure 3a).

Discussion
The most frequent co-morbidities reported with CoVID-19 patients on treatment with ACE inhibitors [22],
suggests that ACE inhibition might worsen the consequences of infection. As the host response plays a
determinant role in the pathogenesis of infectious diseases, strategies for treatment need to consider
both the nature of host response as well as the microbial factors [23, 24]. We therefore questioned
whether the effect of ACE inhibition on outcome of SARS-CoV infection is a consequence of its ability to
modulate host response to infection rather than target the infection itself. As we reviewed the signalling
pathways associated with aberrant in�ammation in SARS-CoV infection under the lenses of lung cancer,
the existence of a common ACE2- BDKRB1-in�ammation cross talk in both became evident.

A common ACE2-BDKRB1 cross talk in lung cancer and
SARS-CoV2 infection regulate release of nitric oxide
Given the implication of ACE2-BDKRB1 axis in the pathogenesis of acute lung in�ammation [12], BDKRB1
has emerged as an important pharmacological target for treatment of in�ammatory lung disorders.
Phase I trial with the dual BDKRB1/2 antagonist B9870 (breceptin) has been conducted in lung cancer
patients [25]. The predominant function of NOSTRIN is to reduce nitric oxide (NO) levels by sequestering
eNOS within intracellular vesicular structures and rendering it inactive [26]. As positive co-relation was
noted between ACE2 and NOSTRIN, it is likely that diminished NOSTRIN levels under ACE inhibition could
elevate NO levels. Activation of BDKRB1 leads to very high and prolonged release of NO [27], and ACE
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inhibitors increase availability of NO by preventing the degradation of Bradykinin [28]. Antagonizing
bradykinin receptors or nitric oxide synthase abolishes the cardioprotective effect of ACE inhibitor [29].
BDKRB1 is a potent activator of inducible form of NOS (iNOS), and the BDKRB1-iNOS auto-induction and
ampli�cation loop enhances in�ammation in diabetic retinopathy [30]. This could explain severe COVID-
19 infection with co-morbidities in patient with diabetes mellitus who are often treated with ACE inhibitors
[31]. mARC-1/2 which showed a positive correlation with ACE2 is known to catalyze NADH-dependent
nitrite reduction to NO [32]. It is possible that co-expression of mARC and NOSTRIN under conditions of
ACE inhibition play a role in regulating NO levels. Also, monoamine oxidases (MAOA) which is positively
correlated with ACE2 negatively regulate IFNg inducible nitric oxide synthase gene expression [33]. Also,
the association between PKD1 and ACE2 is interesting as loss of PKD1 expression increases the
malignant potential of lung cancer [34], and acute renal failure is an important negative prognostic
indicator for survival with SARS [35].

ACE2-BDKRB1 nexus regulates in�ammatory millieu
Bradykinin sensitizes EGF induced signalling via Src-dependent enhanced phosphorylation of EGFR [36].
NO also induces activation of EGFR and its downstream signalling pathway [37]. It is tempting to
speculate that elevated Bradykinin and NO levels upon ACE inhibition might heighten EGFR activation.
Overactive EGFR signaling leads to increased pulmonary �brosis after SARS-CoV infection [38], indicating
that inhibiting EGFR signaling may prevent an excessive �brotic response to corona viruses [39]. EGFR
enables sustained IL-6 dependent STAT3 activation to promote in�ammation [40], and IL-6R antagonist
Sarilumab (Kevzara) is set to enter for clinical trial in COVID-19. Besides, several EGFR inhibitors are
among FDA approved drugs for lung cancer (Supplementary List). Bradykinin induces IL-6 secretion in
human airway smooth muscles [41]. While IFN-γ is capable of partly inhibiting SARS-CoV replication
through down-regulation of ACE2 [42], it can also amplify pro- in�ammatory cytokine mediated increase
in BDKRB1 expression and abundance in endothelial cells [43].

Folate and viral load
Considering its positive co-relation with ACE2, inhibiting FOLR1 carries the risk of activating BDKRB1.
However, as folic acid and its active metabolite 5-methyl tetrahydrofolate improves NO bioavailability
[44], FOLR1 inhibition can reduce NO mediated in�ammation. In patient with primary lung cancer,
elevated exhaled NO production from alveolar macrophages and increase in iNOS activity has been noted
[45]. Given its role in the pathogenesis of in�ammation, NO inhibitors are considered in the management
of in�ammatory diseases [10]. NG-monomethyl-L-arginine (L-NMMA) a nitric oxide synthase inhibitor has
been suggested [46], and is in clinical trial for lung cancer (ClinicalTrials.gov Identi�er: NCT03236935).
Importantly, FOLR1 is over-expressed in lung cancer and among the several FDA approved drugs for lung
cancer, folate inhibitors such as Methotrexate (Trexall) and Pemetrexed disodium �nds a place

https://www.cancer.gov/about-cancer/treatment/drugs/pemetrexeddisodium
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(Supplementary List). An ongoing phase II clinical trial is evaluating farletuzumab (a monoclonal
antibody targeting FOLR1) in patients with lung adenocarcinoma [47].

Most interestingly, folic acid has a critical role in determining the outcome of lymphocytic
choriomeningitis (LCM) infection, as a folic acid antagonist amethopterin enhanced survival of the host
despite prolonged viraemia [48]. FOLR1 is a signi�cant cofactor for cellular entry for Marburg and Ebola
viruses [49]. Human cytomegalovirus (HCMV) infection stimulates activity of cellular dihydrofolate
reductase (DHFR) and inhibition of DHFR activity by methotrexate prevented HCMV replication [50].
Pemetrexed disodium- a novel multitargeted antifolate is used in the treatment of lung cancer
(Supplementary list). Recent review has highlighted the importance of folate in natural killer cell
dysfunction and viral etiology in type 1 diabetes [51].

Evaluation of anti-lung cancer agents for COVID-19
Our �ndings suggest that ACE2-BDKRB1 associated molecular pathways regulate in�ammatory milieu in
the lungs under pathological conditions (Fig. 3b). Also, existing literature points to the requirement of
folate for e�cient viral replication. Pro-in�ammatory cytokines are highly up-regulated in serum from
SARS-CoV patients [52, 53]. As the signalling pathways associated with in�ammation show striking
similarities between SARS- COV2 infection and lung cancers, repurposing of anti-lung cancer drugs for
COVID-19 has considerable promise (Fig. 3c). The Damage–Response Framework (DRF) tool that
integrates clinical �ndings with microbiology and immunology [24], highlights the indispensable role  of
host response in determining the outcome of microbial pathogenesis in response to anti- in�ammatory
agents. Most COVID-19 deaths involved older adults having had underlying chronic illnesses, with several
on ACE inhibitors. Therefore, leveraging host response while targeting (i) ACE2-BDKRB1- in�ammatory
network and (ii) folate-nitric oxide for COVID- 19 treatment will determine therapeutic success.

Folate, malaria and CoV: Where does the connection lie?
Folate metabolism impairment is associated with malarial parasite infection [54]. The anti- malarial
agent hydroxyl-chloroquine (HCQ) with immunomodulatory properties widely used for the treatment of
rheumatoid arthritis and systemic lupus erythematosus, has been effective in inhibiting SARS-CoV-2
infection in vitro [55]. It has been suggested that HCQ attenuates COVID-19 progression by inhibiting the
cytokine storm [56]. As Bradykinin induced release of prostaglandins is inhibited by chloroquine [57], it is
possible that HCQ controls the in�ammatory milieu in COVID-19 patients by attenuating Bradykinin
induced in�ammatory mediators. Also, HCQ inhibits NO production [58]. Though no direct association
between HCQ and folate metabolism has been reported, it is also possible that effect of HCQ on COVID-
19 is a consequence of its action on FOLR1 dependent nitric oxide generation.

Conclusion
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As SARS-CoV2 infections are characterised by an aberrant in�ammatory response, a combinations of
anti-viral and anti-in�ammatory has been suggested for reducing viral infectivity and dysregulated host
in�ammatory response [59]. With the pandemic human pathogenic coronavirus disease 2019 (COVID-19)
spreading unabated, the current challenges are to identify therapeutic strategies and e�ciently evaluate
their activity in clinical setting. This comparative analysis has highlighted that functional integration of
diverse intracellular signalling networks in lung cancer can be extrapolated to explain the aberrant
in�ammatory response in COVID-19 infection. Our �nding suggests that therapeutics with safety and
tolerability pro�les in lung cancers targeting BDKRB1 and FOLR1 could be repurposed for calming the
cytokine storm in COVID-19 infection.
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ACE2 is negatively correlated with bradykinin receptor and cytokines. (A) Heatmap illustrating the
expression levels of ACE2 and cytokine family proteins. A negative correlation of ACE2 with these genes
suggests involvement of ACE2 in altering cytokine storm. (B) Individual correlation of ACE2 with these
genes is shown. BDKRB1, IL6 and IFNG were found to be signi�cantly correlated with ACE2 expression. *,
P < 0.05; **, P < 0.01; ***, P < 0.001, r - Spearman’s rank correlation coe�cient.

Figure 2
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Genes positively correlated with ACE2 in lung cancers. (A) Genes with positive correlations with ACE2 is
shown. MAOA, NOSTRIN, FOLR1, MARC2, PHKD1, EGF were found to be signi�cantly correlated with
ACE2 expression. *, P < 0.05; **, P < 0.01; ***, P < 0.001, r - Spearman’s rank correlation coe�cient.

Figure 3

Repurposing of drugs used to lung cancer in COVID19. (A) Correlation analyses indicate a negative
correlation between BDKRB1-IL6-IFNG network and genes coexpressed with ACE2 in lung cancer. r values
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were generated by a linear-�t model using Graph Pad Prism.(B) Schematic representing the regulators of
cytokine storm. Integration of ACE2 and BDKRB1 with positive and negative regulators affectS the
in�ammatory milieu in lung cancers (C) Repurposing of drugs used in the treatment of lung cancer for
COVID19 infection. *, P < 0.05; **, P < 0.01; ***, P < 0.001, r - Spearman’s rank correlation coe�cient.
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