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Abstract——Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection 
(COVID-19) is associated with uncontrolled inflammatory responses. Loss of pulmo- 
nary angiotensin-converting enzyme 2 (ACE2) function has been associated with SARS-
CoV-2 infection. The aberrant signalling and dysregulated inflammation characteristic of  
lung cancer have marked similarities with SARS-CoV-2 infection. Spearman’s correla-
tion analysis of The Cancer Genome Atlas (TCGA) datasets indicated an inverse correla- 
tion between ACE2 and IL6 in lung adenocarcinoma. qRT-PCR analysis revealed CoV-
2-SRBD-mediated diminished ACE2 expression in lung cancer cells that was concomitant 
with increased IL6 expression. Western blot and qRT-PCR analysis suggested that treatment  
with methotrexate (MTx) dampened CoV-2-SRBD-mediated increase in JAK1/STAT3 
phosphorylation, gp130, IL6, and folate-binding protein (FBP) expressions. MTx also 
rescued the diminished expression of ACE2 in CoV-2-SRBD transfected cells. As lung 
tissue injury in severely affected COVID-19 patients is characterised by aberrant inflam-
matory response, repurposing MTx as an effective therapy against critical regulators of 
inflammation in SARS-CoV-2 infection warrants investigation.
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INTRODUCTION

The binding of SARS-CoV-2-S (spike) protein to 
human angiotensin-converting enzyme 2 (hACE2) is a 
crucial step in cell entry mechanism of SARS-CoV-2 [1]. 
The receptor-binding domain (RBD) in the S1 subunit 

of SARS-CoV-2 is important for binding to the ACE2 
receptor protein. SARS-CoV spike protein-mediated 
ACE2 downregulation has been suggested to contrib-
ute to the severity of lung pathologies [2]. SARS-CoV-2 
infection is associated with uncontrolled inflammatory 
responses [3]. Given the tissue-protective component of 
ACE2 during severe acute lung injury [2], understanding 
its correlation with pro-inflammatory mediators in an 
inflammatory setting could provide insight into events 
associated with the hyper-inflammation that character-
izes COVID-19.
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Lung cancer growth and metastases are accompa-
nied by dramatic decrease in both lung and serum ACE 
activity, with conformational fingerprinting demonstrat-
ing significantly altered ACE expression and activity in 
tumour lung tissues [4]. Interestingly, the use of ACE 
inhibitors is associated with an increased risk of lung can-
cer [5]. As ACE2 expression is associated with tumori-
genesis in lung cancer [6], and considering the common 
involvement of ACE2 in lung cancer and SARS-CoV-2 
infection, we analysed the patient lung cancer dataset 
from The Cancer Genome Atlas (TCGA) to find the 
correlations between ACE2 and genes associated with 
pro-inflammatory responses. We surmised that view-
ing SARS-CoV-2 through the lens of lung cancer would 
provide understanding of the host responses in COVID-
19 infection through insights gained from lung cancer. 
Moreover, comparison of the two diseases showing com-
monalities might indicate ways in which therapies devel-
oped for one disease might be applied to the other, as has 
been suggested previously [7]. A better understanding of 
the convergences between critical players in the ACE2-
inflammatory network would enable efficient repurpos-
ing of approved lung cancer therapeutics for COVID-19 
infection.

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 dataset was down-
loaded from cBioPortal [8]. Spearman’s rank correlation 
coefficient for RNA expression values of IL6, and ACE2 
in lung cancer, was calculated using GraphPad PrismV5 
statistical software.

Cell Culture

Human lung cell carcinoma line A549 (CCL-185, 
ATCC) was grown in Dulbecco’s modified eagle medium: 
nutrient mixture F-12 (DMEM/F-12) (#12,400–024, 
Gibco). Human lung cancer cell line NCI-H1299 (CRL-
5803, ATCC) was grown in RPMI-1640 medium (R6504, 
Sigma-Aldrich). All culture media were supplemented 
with 10% heat-inactivated foetal bovine serum (HI-FBS) 
(#16,140, Gibco) and penicillin (100 U/mL)-streptomycin 
(100 μg/mL) (#15,140, Gibco).

Treatment and Transfection

Transfections were done as described previously 
[9]. Briefly, cells were grown in their respective culture 
media and upon reaching 70% confluence the media 
was replaced with OptiMEM (31,985; Gibco) 2 h prior 
to transfection. The cells were transfected with pcDNA 
SARS-CoV-2-S-RBD or the corresponding empty 
vector using Lipofectamine 2000 transfection reagent 
(#11,668,027; Invitrogen). Transfected cells were either 
harvested for further processing or serum starved for 
6 h, after which they were treated with 0.5 μM metho-
trexate (MTx) (M9929; Sigma) for 24 h.

Western Blot Analysis

Proteins isolated from cells transfected with 
pcDNA SARS-CoV-2-S-RBD in the presence and 
absence of MTx were electrophoresed on poly-
acrylamide gels, and Western blot was performed as 
described previously [9], using antibodies against 
phospho-JAK1 (3331; Cell Signalling Technologies), 
JAK1 (3332; Cell Signalling Technologies), Phospho-
STAT3 (9145; Cell Signalling Technologies), STAT3 
(9132; Cell Signalling Technologies), FBP (ab3361; 
Abcam), and gp130 (sc656; Santa Cruz Biotechnol-
ogy). Secondary antibodies were purchased from Vec-
tor Laboratories Inc. After the addition of enhanced 
chemiluminescent reagent (Millipore), blots were 
exposed to Chemigenius Bioimaging System (Syn-
gene) for development, and images were captured 
using GeneSnap software (Syngene). The blots were 
stripped and re-probed with anti-β-actin (A3854; 
Sigma-Aldrich) to determine equivalent loading as 
described previously [9].

Fig. 1   ACE2 is negatively correlated with IL-6. Correlation analy-
ses of TCGA datasets indicate a negative correlation between IL6 and 
ACE2 in lung cancer. r Values were generated by a linear-fit model  
using GraphPad Prism. Individual correlation of ACE2 with CXCL8, 
IL1B, TNFA, and IL6. IL6 was found to be significantly correlated 
with ACE2 expression. *P < 0.05; **P < 0.01; ***P < 0.001, r, Spear-
man’s rank correlation coefficient. B Real-time PCR indicating the 
expression levels of ACE2 and C IL6 in two lung cancer cells (A549, 
H1229) transfected with SARS-CoV2-SRBD. Inset shows transfection 
efficiency of SARS-CoV2-SRBD in the cell lines. Lung cells trans-
fected with empty vector are used as a control for SARS-CoV2-SRBD 
transfected lung cells.
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Quantitative Real‑Time PCR

To analyse ACE2 and IL6 mRNA levels in lung 
cells overexpressing pcDNA SARS-CoV-2-S-RBD in 
the presence or absence of MTx, RNA was isolated 
using RNeasy kit (Qiagen) and cDNA was synthesised 
using High-Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems) on Veriti Thermal cycler 
(Applied Biosystems). Real-time PCR was performed 
as described [9] using Quant Studio V (Applied Bio-
systems Inc.). All samples were normalised with their 
respective 18S rRNA Ct values, and results were plotted 
as fold change over control for each mRNA transcript. 
The qPCR primers used are as follows:

S. No Gene Primer sequences

1 IL6 Forward: GCC​TTC​GGT​
CCA​GTT​GCC​TT

Reverse: AGT​GCC​TCT​TTG​
CTG​CTT​TCA​

2 ACE2 Forward: GGA​CCC​AGG​
AAA​TGT​TCA​GA

Reverse: GGC​TGC​AGA​
AAG​TGA​CAT​GA

3 SARS-
CoV2-
SRBD

Forward: TTC​GGT​GAG​
GTT​TTT​AAC​GC

Reverse: TTT​GTC​GGA​
TCC​CTT​TTT​GG

Statistical Analysis

All correlation tests were performed using Spear-
man’s rank correlation analysis. Comparison between 
groups was done using paired two-tailed Student’s t test. 

All p-values less than 0.05 were taken as significant. Sta-
tistical analysis was performed using GraphPad PrismV5.

RESULTS

Correlation Between Pro‑Inflammatory 
Mediators and ACE2 in Lung Cancers

As ACE2 expression is associated with tumorigen-
esis in lung cancer [6], analysis of the TCGA dataset was 
performed to investigate the association between ACE2 
and pro-inflammatory genes in lung cancer patients. A 
negative correlation between pro-inflammatory IL6 and 
ACE2 was noted (Fig. 1a). However, no significant asso-
ciations between ACE2 and other cytokines such as IL1B, 
TNFA, and CXCL8 were found (Fig. 1a).

CoV‑2‑S1‑Mediated Diminished ACE2 
Expression Is Accompanied with Enhanced 
Expression of IL6

The binding of SARS-CoV-2-SRBD to ACE2 is 
crucial in cell entry mechanism of SARS-CoV-2 [1]. 
A decrease in ACE2 expression was observed in lung 
cells (A549 and H1299) transfected with SARS-CoV-
2-S-RBD as compared to cells transfected with empty 
vector (Fig. 1b). Inset shows the efficacy of SARS-CoV-
2-S-RBD transfection. As TCGA data reanalysis indi-
cated inverse correlation between IL6 and ACE2; the 
status of IL6 in CoV2-SRBD transfected lung cells was 
investigated. Decreased ACE2 expressions in CoV2-
SRBD transfected lung cells (A549 and H1299) were 
concomitant with increase in IL6 (Fig. 1c).

Methotrexate Diminishes CoV2‑S1‑Mediated 
Increase in JAK/STAT Phosphorylation, IL6, 
and ACE2 Expressions

ACE2 is known to mediate the upstream regu-
lators of JAK/STAT pathway [10], and IL-6/JAK1/
STAT3 signalling pathway is aberrantly hyperactivated 
in chronic inflammatory conditions [11]. Consistent 
with elevated IL6 expression, elevated phosphoryla-
tion of JAK1 and STAT3 was observed in CoV2-
SRBD transfected lung cells (Fig. 2a, b). MTx, a folic 
acid analogue, inhibits JAK/STAT pathway [12] and 
suppresses IL6 gene expression [13]. Increase in IL6 

Fig. 2   A, B The phosphorylation of JAK (Tyr1034/1035) and STAT3 
(Tyr705) in lung cells transfected with SARS-CoV-2 SRBD in the 
presence and absence of methotrexate were analysed by Western 
blotting. The effect of MTX on the expression of gp130 and FBP in 
SARS-CoV-2 S-RBD transfected cells is shown. Levels of total JAK 
and STAT3 are also shown. Blots are representative of data from two 
independent experiments with similar results. Blots were stripped and 
re-probed with β-actin to establish equivalent loading. C qRT-PCR 
analysis shows that MTX abrogates SARS-CoV-2 S-RBD induced an 
increase in IL-6 expression, and D rescues diminished ACE2 expres-
sion in transfected lung cells. The graphs represent average fold 
change values from three independent experiments. E Schematic rep-
resenting the regulation of ACE2 and IL-6 regulators by methotrexate. 
The graphs represent average fold-change values from three independ-
ent experiments. p < 0.05*, p < 0.01**.
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levels in CoV2-S1 transfected lung cells prompted us 
to examine the effect of MTx on JAK1/STAT3 phos-
phorylation. Treatment with MTx significantly attenu-
ated CoV2-S1-mediated increase in JAK1 and STAT3 
phosphorylation (Fig. 2a, b) as well as increase in IL6 
expression (Fig. 2c). Given the negative correlation 
between ACE2 and IL6, MTx-mediated decrease in 
IL6 expression (Fig. 2c) was accompanied by increase 
in ACE2 expression (Fig. 2d).

Methotrexate Diminishes gp130 and FBP Levels 
in CoV2‑S1 Transfected Cells

MTx inhibits dehydrofolate reductase (DHFR)—a 
critical folate cycle enzyme. FRα or FBP, a folate-binding 
protein is one of several methods by which folate, is taken 
up by cells. Folic acid binding to the FBP mediates STAT3 
activation and enhances the JAK/STAT signalling path-
way [14]. Besides, gp130 which serves as a transducing 
receptor for folic acid–induced FBP-STAT3 signal [14] 
is upstream of STAT3/JAK signalling pathway [15]. On 
investigating the status of FBP and gp130 in CoV2-S1 
transfected lung cells exhibiting heightened JAK1/STAT3 
activation, an increase in both was observed (Fig. 2a, b). 
SRBD-mediated increase in both FBP and gp130 was 
abrogated in the presence of MTx (Fig. 2a, b).

DISCUSSION

Our finding has highlighted that intracellular sig- 
nalling networks in lung cancer can be extrapolated to 
explain the aberrant inflammatory response in COVID-19  
infection. The negative correlation of ACE2 with IL-6  
levels, as predicted from TCGA lung cancer datasets, was 
also noted in lung cells transfected with SARS-CoV-2-
SRBD. Downregulation of ACE2 was concomitant with 
elevated IL6 expression in SARS-CoV-2-SRBD trans-
fected lung cells. IL6 not only facilitates development  
and progression of K-Ras mutant lung cancer [16] but 
also serves as a prognosticator in COVID-19 patients  
[17]. SARS-CoV2 S-RBD-mediated increase in IL-6 
is reported in lung cells [18]. Clinical trial with IL-6R 
antagonist sarilumab has indicated the benefits of early 
intervention with IL6 modulatory therapies for COVID-
19 [19]. Based on these findings, several large-scale trials 
evaluating the efficacy of IL6 modulatory therapies have 
been initiated. One such clinical trial with tocilizumab (a  

recombinant humanized anti-IL-6 receptor) is in patients 
with severe worsening COVID-19 pneumonia and high 
inflammatory parameters [20]. Since targeting the IL6/JAK1/ 
STAT3 signalling pathway inhibits tumour growth, inhib-
itors of this axis are currently in clinical and/or preclinical 
development for several malignancies including lung can-
cers [11]. Our finding underscores the potential of MTx 
to not only rescue CoV-2-SRBD-induced JAK1-STAT3-
IL6 pathway but also dampens gp130 and FBP expression 
(Fig. 2e).

Overexpression of folate receptor alpha in lung 
cancer has prognostic and diagnostic significance 
[21], and among the several FDA-approved drugs for 
lung cancer, folate inhibitors such as methotrexate and 
Pemetrexed disodium find a place. An ongoing phase II 
clinical trial is evaluating farletuzumab (a monoclonal 
antibody targeting FOLR1) in patients with lung ade-
nocarcinoma [22]. Importantly, methotrexate prevents 
human cytomegalovirus (HCMV) replication [23], and 
FOLR1 serves as a significant cofactor for cellular entry 
for Marburg and Ebola viruses [24]. As the signalling 
pathways associated with inflammation show striking 
similarities between SARS-CoV-2 infection and lung 
cancers, repurposing of anti-lung cancer drugs for 
COVID-19 has considerable promise.

As the host response plays a determinant role 
in the pathogenesis of infectious diseases, strate-
gies for treatment need to consider both the nature 
of host response as well as the microbial factors. The 
concept of “repurposing” or finding use of an exist-
ing anti-inflammatory marketed drug for the treatment 
of COVID-19 is emerging as a prominent strategy. 
Methotrexate has been recognized by the World Health 
Organization as an “essential medication” because of 
its dynamic range of anti-inflammatory mechanisms. 
Though methotrexate therapy has shown promises in 
fulminant inflammatory conditions and continues to be 
a cornerstone in the treatment of autoimmune diseases 
and many neoplastic disorders, oral administration of 
MTx takes several weeks to build up effect [25]. In 
patients with inadequate responsiveness to MTX alone, 
combinatorial therapy with IL-6 inhibitor tocilizumab 
has been found to be effective [26]. A recent study from  
our lab have indicated heightened levels of High mobility  
group box 1 (HMGB1) in SARS-CoV2-S-RBD trans-
fected cells [18]. Extracellular release of proinflamma-
tory mediator HMGB1 during infection or sterile tissue 
injury involves its translocation from nucleus to cyto-
plasm, and JAK/STAT1 is crucial for HMGB1 nuclear 
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translocation [27]. Inhibition of HMGB1 by glycyrrhi-
zin not only prevented SARS-COV2-mediated release 
of IL-6 in lung cells, but also prevented viral replica-
tion [18]. As inhibition of HMGB1 by glycyrrhizin sup-
presses activation of JAK-STAT pathway, combinatorial 
therapy of MTx and glycyrrhizin warrants investigation. 
Our study raises the possibility that this inexpensive 
and widely available agent could be repurposed for 
calming hyper-inflammation in COVID-19 infection.
Abbreviations  ACE2, Angiotensin-converting enzyme 2; TCGA​, The 
Cancer Genome Atlas; IL-1β, Interleukin 1 beta; IL6, Interleukin 6; 
TNFα, Tumour necrosis factor; FOLR1, Folate receptor α
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