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Background: Smokers and patients with COPD are highly susceptible to SARS-CoV-2 
infection, leading to severe COVID-19.
Methods: This cross-sectional study involved resected lung tissues from 16 patients 
with GOLD stage I or II COPD; of which 8 were current smokers COPD (COPD-CS), 
and 8 ex-smokers COPD (COPD-ES), 7 normal lung function smokers (NLFS), 9 
patients with small airways disease (SAD), and 10 were never-smoking normal controls 
(NC). Immunostaining for ACE2, Furin, and TMPRSS2 was performed and analysed 
for percent expression in small airway epithelium (SAE) and counts for positively and 
negatively stained type 2 pneumocytes and alveolar macrophages (AMs) were done 
using Image ProPlus V7.0. Furthermore, primary small airway epithelial cells (pSAEC) 
were analysed by immunofluorescence after exposure to cigarette smoke extract (CSE).
Results: ACE2, Furin, and TMPRSS2 expression significantly increased in SAE and 
type 2 pneumocytes in all the subjects (except Furin for NLFS) compared to NC (p < 
0.001). Similar significance was observed for ACE2 positive AM (p < 0.002), except 
COPD-ES, which decreased in ACE2 positive AMs (p < 0.003). Total type 2 pneumo
cytes and AMs significantly increased in the pathological groups compared to NC (p < 
0.01), except SAD (p = 0.08). However, AMs are significantly reduced in COPD-ES 
(p < 0.003). Significant changes were observed for tissue co-expression of Furin and 
TMPRSS2 with ACE2 in SAE, type 2 pneumocytes and AMs. These markers also 
negatively correlated with lung function parameters, such as FEV1/FVC % predicted, 
FEF25-75%, DLCO% predicted. A strong co-localisation and expression for ACE2 (p < 
0.0001), Furin (p < 0.01), and TMPRSS2 (p < 0.0001) was observed in pSAEC treated 
with 1% CSE than controls.
Discussion: The increased expression of ACE2, TMPRSS2 and Furin, in the SAE, type 2 
pneumocytes and AMs of smokers and COPD are detrimental to lung function and proves that 
these patient groups could be more susceptible to severe COVID-19 infection. Increased type 2 
pneumocytes suggest that these patients are vulnerable to developing post-COVID-19 interstitial 
pulmonary fibrosis or fibrosis in general. There could be a silently developing interstitial pathology 
in smokers and patients with COPD. This is the first comprehensive study to report such changes.
Keywords: COVID-19, SARS-CoV-2, smoking, COPD, ACE2, type 2 pneumocytes, 
alveolar macrophages, epithelium
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Introduction
Since the emergence of the novel Coronavirus SARS-CoV 
-2 at the close of 2019, COVID-19 has spread rapidly 
around the globe and as of May 2021, the World Health 
Organisation (WHO) has reported over 169 million con
firmed cases and 3.51 million deaths globally.1 SARS-CoV 
-2, the virus behind COVID-19, is one member of the 
large coronaviruses family.2 This family also includes the 
deadly MERS-CoV, the causative virus of Middle East 
Respiratory Syndrome (MERS) and SARS-CoV, the cau
sative virus of the previous severe acute respiratory syn
drome (SARS).2–4 COVID-19 has a range of symptomatic 
presentations from respiratory distress, airway damage to 
death.5–7 In approximately 80% of COVID-19 infections, 
patients present with mild respiratory illness.8 Risk factors 
for more severe infections include age, comorbidities, 
hypoxia, and severe immune response.9

COPD is the fourth leading cause of death globally, 
a chronic lung disease characterised by partially reversible 
airflow obstruction, with increased exacerbations, dys
pnoea, and decreased quality of life.10 Smoking primarily 
causes COPD, although air pollution through fossil fuel 
burning is a contributing factor too and is an increasingly 
likely comorbidity risk for severe COVID-19.11,12 COPD 
is partly characterised by the variable immune response, 
which sees increased macrophage recruitment in conjunc
tion with other pathological inflammatory mediators.13,14 

COPD patients are highly susceptible to respiratory infec
tions, with a study showing 30% of COPD exacerbations 
related to respiratory viruses.15 Initially, based on observa
tional epidemiological data, there was contention regard
ing the impact of cigarette smoke on COVID-19 infection 
severity and transmission rate.16 However, the WHO 
released a review finding that smokers are more likely to 
develop severe COVID-19 than non-smokers, urging cau
tion about amplifying unproven claims that tobacco or 
nicotine could reduce COVID-19 risk.17 Aside from 
these weak and strongly disputed claims, it is inevitable 
that cigarette smoking, and COPD impacts the immune 
system, causing functional dysregulation.18,19 Therefore, 
both cigarette smoking and COPD are likely risk factors 
for the increased severity of COVID-19. Along with cigar
ette smoking and COPD being linked to dysfunctional 
immunity, they are also shown to relate to an increased 
expression of proteins linked to pathogen adhesion, driv
ing smoking-induced pneumonia and other respiratory 
infections.20–25

Human angiotensin-converting enzyme 2 (ACE2), 
Furin and transmembrane serine protease 2 (TMPRSS2) 
are utilised by some respiratory viruses as a receptor for 
cell adhesion and entry.26 SARS-CoV-2 utilises the ACE2 
enzyme as the critical entry point into human cells.26,27 

Interestingly, the viral-binding protein, spike (S) protein, 
of SARS-CoV-2 has a significantly stronger affinity for 
ACE2 than the original SARS-CoV, with 10-to-20-fold 
greater binding efficiency.28 This increased specificity 
makes ACE2 a significant mediator in the severity and 
transmission of COVID-19. Our preliminary observations 
identified that smoking could upregulate ACE2 expres
sion, with upregulation of ACE2 observed in limited 
patient tissue of COPD-current smokers (COPD-ES) and 
normal lung function smokers (NLFS) in comparison with 
normal controls.29

Furthermore, a small airway epithelia ACE2 expres
sion study concluded that cigarette smoking and COPD 
upregulate ACE2 expression in small airway 
epithelium.30,31 Therefore, smoking-induced upregulation 
of ACE2 in the lung is a largely avoidable risk factor 
linked to an increased susceptibility of developing 
COVID-19. The cells targeted by SARS-CoV and now 
SARS-CoV-2 are predominantly type 2 pneumocytes and 
alveolar macrophages, with studies showing increases in 
these cell types attributed to smoking and COPD.32–37 

New data is drawing attention to host mechanisms by 
which SARS-CoV-2 enters the cell.38 Furin is 
a proprotein convertase that is believed to be an essential 
protein in the configuration of the SARS-CoV-2 envelope, 
processing essential membrane proteins.39 SARS-CoV-2 
utilises S protein, a granule shaped structural protein 
which aids in viral-cellular binding. During infection, 
host Furin cleaves the viral S protein into an N-terminal 
S1 extracellular domain, allowing recognition by cell sur
face receptors, and a C terminal S2 membrane anchor 
protein, which is involved in viral translocation into the 
cell.40,41 TMPRSS2, like Furin, is believed to cleave the 
viral S glycoprotein with a similar outcome. These pro
cesses are also seen in other coronaviruses, such as SARS- 
CoV, and viruses in the Orthomyxoviridae family, such as 
influenza and H1N1.42 Current data suggests that smoking 
may upregulate Furin expression in lung tissue; however, 
the effect of smoking on TMPRSS2 is debated, some 
reporting no effect while others showing increased 
expression.31,43

A recent two-centre pulmonary post-mortem of 
COVID-19 cases found that of the 38 post-mortems, all 
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demonstrated type 2 pneumocyte hyperplasia, and the 
inflammatory infiltrate in 24 of the cases was primarily 
composed of alveolar macrophages.44 These findings 
further link the pathological changes and cell population 
changes associated with COPD and COVID-19. Our 
initial assessment was that type 2 pneumocyte and alveo
lar macrophages showed the most significant increase in 
ACE2 expression.29 This cross-sectional study aims to 
expand this understanding further using quantitative 
assessment tools and provide a vital link between smok
ing and ACE2, Furin and TMPRSS2 expression in the 
small airway epithelium, primary small airway epithelial 
cells, type 2 pneumocytes and alveolar macrophages. 
This paper also explores the levels of the SARS-CoV 
-2-related biomarkers in the small airways of normal 
controls and uses this as a baseline reference against 
smokers and patients with small airway disease and 
COPD.

Methods
Patient Demographics
Surgically resected small airway tissue from 42 patients was 
available from our biobank (ethics ID: H0012374). The 
approvals were obtained from the Tasmanian Health and 
Medical Human Research Ethics Committee. All subjects 
gave written, informed consent prior to participation. All sub
jects in the pathological cohorts were diagnosed with primary 
non-small cell lung cancer. Patient details are given in Table 1. 
The small airway resected tissue was taken well away from the 

primary tumour. Among the 42 patients, 16 patients were 
diagnosed with Global Initiative for Chronic Obstructive 
Lung Disease (GOLD) stage I or stage II COPD (forced 
expiratory ratio <70%), of which 8 were current smokers 
(COPD-CS) and 8 were ex-smokers (COPD-ES) (>1-year 
smoking cessation); 9 patients had small airway disease 
(SAD) only, with expiratory limb scalloping and forced expira
tory flow25–75 < 68% predicted, 7 were normal lung function 
smokers (NLFS); 10 were never-smoking normal controls 
(NC). The NC were kindly provided by James Hogg Lung 
Registry, the University of British Columbia, with approval 
from the Providence Health Care Research Ethics Board (H00- 
50110). The exclusion criterion for this study were as follows: 
subjects with other respiratory diseases and those on systemic 
or inhaled corticosteroids treatment. Written, informed consent 
was obtained prior to participation.

Immunohistochemical Staining and 
Analysis
Surgical resections were fixed in formalin within minutes of 
surgery.45 After processing, the resected small airway (<2 mm 
internal diameter) tissue blocks were separately embedded in 
paraffin wax for research analyses. The tissue was sectioned at 
3.5 µm and processed with standard immunohistochemical 
staining procedures.45 Immunostaining was completed by 
using rabbit polyclonal anti-ACE2 antibody (Catalog No. 
Ab15348, Abcam, 1:800), Furin rabbit polyclonal antibody 
(bs-13228R; Bioss antibodies; 1:200) and TMPRSS2 rabbit 
polyclonal antibody (bs-6285R, Bioss antibodies, 1:250). 

Table 1 Patient Demographics

Groups NC NLFS SAD COPD-CS COPD-ES

Subjects 10 7 9 8 8

Sex (F/M) 6/4 4/3 7/2 5/3 3/5

Age 39 (19–63) 72 (52–79) 59 (42–84) 63 (59–78) 70.5 (56–85)

Smoking (Pack- 

years)

0 22.5 (0.3–40) 40 (0–72) 32.5 (20–67) 33 (18–60)

FEV1% – 106.5 (83–108) 88 (49–112) 79 (65–105) 86 (64–104)

FEV1/FVC% – 81 (70–90) 73 (69–78) 66 (59.9–70) 65 (55–69)

FEF 25–75% (L/ 

sec)

– 84 (71–116) 46 (31–69) 35.5 (28–47) 40.5(20–55)

DLCO (% 

predicted)

– 78 (50–95) 78 (54–91) 68.9 (34–84) 74 (51–114)

Note: Data expressed as medians and ranges. 
Abbreviations: NC, normal control; NLFS, normal lung function smoker; COPD-CS, COPD current smoker; COPD-ES, COPD ex-smoker; FEV1/FVC %, forced 
expiration/forced vital capacity%; FEF 25–75% (L/sec) Post BD, forced expiratory flow at 25–75% post-bronchodilator.
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Antibody binding was visualised by a substrate 3,3ʹ- 
diaminobenzidine (DAB) reaction producing a brown colour 
indicating positive staining. Nuclear counterstain was achieved 
with gills hematoxylin. All slides were coded and randomised 
to blind the analyst.

Tissue Analysis for ACE2, Furin and 
TMPRSS2
Images were taken of the small airway epithelium (airways 
less than 2 mm in diameter and lacking cartilaginous support) 
at x40 and of lung parenchyma at x20 using a Leica ICC50 
W microscope camera mounted to a Leica DM 500.46 From 
the total images, eight images were randomly selected for 
measurements. Epithelial ACE2, Furin and TMPRSS2 stain
ing were measured as a percentage positive staining in the 
small airway epithelium. In addition, Type-2 pneumocytes, 
both positive and negative for ACE2, Furin and TMPRSS2 
for type-2 pneumocytes, were counted per parenchymal tissue 
area in the alveolar epithelium. Similarly, alveolar macro
phages staining positive and negative for ACE2, Furin and 
TMPRSS2 were counted per parenchymal tissue area. All 
counts and measurements were performed using brightfield 
microscopy and computer-assisted Image ProPlus V7.0 soft
ware (Media Cybernetics, USA).

Immunofluorescence Staining and 
Analysis of ACE2, Furin and TMPRSS2 in 
Primary Small Airway Epithelial Cells
Primary small airway epithelial cells (20×103 cells per cham
ber) were seeded into 8-chamber culture (Millicell EZ SLIDE 
8-well, Merck, North Ryde BC, New South Wales, Australia) 
slides and incubated at 37°C in 5% CO2 for 24 hours to attain at 
least 80% confluence. The following day, cells were treated 
with cigarette smoke extract and appropriate vehicle control 
VC (1%DMSO) and further incubated for 24 hours. The cells 
were rinsed with PBS (cold) and fixed and permeabilised with 
4% paraformaldehyde containing 0.1% Triton X-100 in PBS 
for 10 min at room temperature. After blocking with a mix of 
10% goat and donkey serum in PBS for a half-hour, the cells 
were stained with mouse monoclonal anti-human ACE2 anti
body (ab89111, AbCam, Melbourne, Victoria, Australia) 
1:100 and rabbit polyclonal anti-human Furin (Thermofisher 
Cat#bs13228R, Bioss antibodies, VIC, Australia) 1:100 or 
TMPRSS2 (Thermofisher Cat#bs13228R, Bioss antibodies, 
VIC, Australia) 1:100, incubated overnight at 4°C. The cells 
were washed PBS thrice for 3 min each, before incubating 
them with Alexa 488-labelled goat anti-mouse (Alexa Fluor 

488, Invitrogen, Scoresby, Victoria, Australia) and Alexa 594- 
labelled donkey anti-rabbit secondary antibody (Thermofisher 
Cat#R37119, Life Technologies, VIC, Australia) (1:500 each) 
at room temperature for 1 hour. Following three washes with 
PBS, DAPI (Invitrogen, Scoresby, Victoria, Australia) was 
added to visualise nuclear staining. The cells were examined, 
and images were taken using an Olympus FV1200 confocal 
laser scanning microscope (Olympus Life Science Europe 
GmbH, Hamburg, Germany). Alexa Fluor-488 images were 
captured under excitation: 470–495 nm, dichroic beam splitter 
505 nm, and 510–650 nm emission. Alexa Fluor-594 images 
were captured under excitation: 530–550 nm, dichroic beam 
splitter 570 nm, and emission of 575–670 nm. The images 
were acquired at 40× objectives and taken at a speed of 2 µs/ 
pixel. With the aid of ImageJ software, averaged corrected total 
cell fluorescence was calculated by measuring the integrated 
density of individual cells minus the integrated density of the 
background. Colocalisation of immunofluorescent staining 
and Pearson’s coefficients were calculated with ImageJ soft
ware by splitting colour channels of the images and running the 
JACoP plugin with conserved thresholds.

Statistical Analysis
Following normal distribution check, the analysis is repre
sented as median and range, non-parametric (Kruskal– 
Wallis) analysis of variance with multiple comparisons using 
Dunn’s test. Further comparison with the Mann Whitney 
U-test was performed where appropriate. Linear regression 
and Pearson r’ were used for correlation analysis. All statistical 
analysis was done using PRISM V9.2 software (GraphPad, La 
Jolla, CA, USA), p < 0.05 was considered statistically 
significant.

Results
ACE2, Furin and TMPRSS Tissue Protein 
Expression and Localisation in Smokers, 
SAD and COPD Patients
Overall, a significant increase in the ACE2, Furin and 
TMPRSS2 expression was observed in the tissue from smo
kers and patients with COPD compared to normal controls 
(Figure 1). An increase in protein expression of ACE2, Furin, 
and TMPRSS was also notable in type 2 pneumocytes and 
alveolar macrophages in all the pathological groups compared 
to normal controls. Total type 2 pneumocytes and alveolar 
macrophages also increased in the pathological groups com
pared to normal controls. These proteins also negatively cor
related with lung function parameters. Comparatively, similar 
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changes were observed for primary small airway epithelial 
cells on exposure to cigarette smoke extract.

Increase in Total Type 2 Pneumocytes and 
Macrophages in Parenchyma of Smokers 
and COPD Patients
Type 2 pneumocytes increased significantly across all the 
pathological groups compared to normal controls except 
SAD (Figure 2A). NLFS (p < 0.05), COPD-CS (p < 
0.001), and COPD-ES (p < 0.05) had a significantly 
greater number of type 2 pneumocytes per parenchymal 
area compared with normal controls. In comparison, there 
was no significant difference in SAD patient total type 2 
pneumocytes compared to normal controls (p = 0.08), 
which was probably a type 2 error. Similar changes were 
observed for alveolar macrophages except for COPD-ES 
compared to normal controls. NLFS (p < 0.01), SAD (p < 
0.05), and COPD-CS (p < 0.0001) had a significantly 
greater total number of macrophages per parenchymal 
area compared to normal controls (Figure 2B). No signifi
cant difference between COPD-ES and NC (p = 0.46) for 
alveolar macrophages was observed. The highest signifi
cant increase in total alveolar macrophage numbers was 
seen in the COPD-CS group. A trend for smoking cessa
tion exists here, with a statistically significant difference 

between the COPD-ES group and the COPD-CS group 
(p < 0.05), and essentially normalised when compared to 
normal controls (Figure 2B).

Increased ACE2, Furin and TMPRSS2 
Expression in the Small Airway Epithelium 
of Smokers, SAD, and COPD Patients
A significant increase in ACE2, Furin and TMPRSS2 protein 
expression was observed across the small airway epithelium 
for the pathological groups compared to normal controls 
(Figure 3A–C). Although the degree of such significance dif
fered across the groups, the consistency in these vital SARS- 
CoV-2 adhesion and processing proteins suggested effects of 
both smoking and COPD. For ACE2 expression, compared to 
the COPD-CS group, the COPD-ES showed a decreasing 
trend, though this decline was not noticed for Furin and 
TMPRSS2 expression.

Increased ACE2, Furin and TMPRSS2 
Expression in Type 2 Pneumocytes and 
Alveolar Macrophages
Type 2 Pneumocytes
All the pathological groups showed increases in the per
centage type 2 pneumocytes expressing ACE2, Furin and 
TMPRSS2 compared to NC (Figure 4). Notably, both the 

Figure 1 Micrographs of ACE2, Furin and TMPRSS2 protein expression in the small airways of smokers and COPD patients. The top inset images depict small airway 
epithelium taken at x40 magnification. The bottom inset images depict the parenchymal alveoli at x20 magnification. 
Abbreviations: NC, Normal control; NLFS, Normal Lung Function Smokers; SAD, Small Airways Disease; COPD-CS, Chronic Obstructive Pulmonary Disease – Current 
Smokers; COPD-ES; Chronic Obstructive Pulmonary Disease – Ex Smokers micrographs.
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COPD cohorts, CS and ES, showed significant increases in 
type 2 pneumocytes, expressing ACE2, Furin and 
TMPRSS2. Further, in NLFS, the significant expression 
was seen with ACE2 (p < 0.05), TMPRSS2 (p < 0.05) was 
absent for Furin when compared to NC. In contrast, in 

SAD type 2 pneumocytes, we found significantly higher 
Furin (p < 0.01) upregulation than ACE2 (p < 0.05) and 
TMPRSS2 (p < 0.05). Further, in our intra-group type 2 
pneumocytes analysis for the three proteins, we found that, 
in general, NCs had fewer positive protein-expressing type 

Figure 3 Percent small airway (SA) epithelial expression of ACE2, Furin and TMPRSS2 in normal controls, normal lung function smokers, SAD, and COPD patients. An 
increase in ACE2, Furin and TMPRSS2 expression was observed in all pathological groups NLFS, SAD, COPD-CS, and COPD-ES compared to NC for (A) ACE2, (B) Furin, 
and (C) TMPRSS2. Significance is indicated as: *p <0.05, **p< 0.01, ***p<0.001 and ****p<0.0001, the one-way ANOVA test was used for statistical analysis.

Figure 2 Comparison of total type 2 pneumocytes and alveolar macrophages in normal controls, normal lung function smokers, SAD, and COPD patients with normal 
controls. An increase in (A) the total number of type 2 pneumocytes per parenchymal area and (B) the total number of alveolar macrophages per parenchymal area in NLFS, 
SAD, COPD-CS, and COPD-ES compared to NC. Significance is indicated as: *p <0.05, **p< 0.01, ***p<0.001 and ****p<0.0001, the one-way ANOVA test was used for 
statistical analysis.
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2 pneumocytes than negative type 2 pneumocytes, with 
a very significant decline, especially in TMPRSS2 positive 
type 2 pneumocytes (p < 0.01). This changed in both 
COPD cohorts (p < 0.0001) and the SAD (p < 0.001), 
wherein ACE2, Furin and TMPRSS2 positive type 2 pneu
mocytes were significantly higher than their negative 
counterparts; however, in NLFS, these increases were 
insignificant. In Furin, this decline was significant across 
the groups when compared to the ACE2 and TMPRSS2. 
Overall, the fold change for each group showed a general 
positive trend and was greatest in the COPD cohorts.

Alveolar Macrophages
Similar to type 2 pneumocytes, we find a significant increase 
in alveolar macrophage (AMs) numbers expressing ACE2, 
Furin and TMPRSS2 across all pathological groups com
pared to NCs (Figure 5). Specifically, compared to NCs, 
ACE2 positive AMs showed significant increases in NLFS 
(p < 0.05), SAD (p < 0.01), COPD-CS (p < 0.01), and 
COPD-ES (p < 0.01) (Figure 5A). Furin, expression was 
more pronounced of the two markers, NLFS (p < 0.05), 
SAD (p < 0.001), COPD-CS (p < 0.0001), and COPD-ES 
(p < 0.01), while in TMPRSS2, except COPD-ES (p = 0.07), 

Figure 4 Differences in ACE2, Furin and TMPRSS2 positive and negative type 2 pneumocytes (T2P) in normal controls, normal lung function smokers, SAD, and COPD 
patients. (A) Differential inter and intragroup analysis of protein expression in type 2 pneumocytes as fold change for positive cells over negative cells in NC, NLFS, SAD, 
COPD-CS and COPD-ES for (A) ACE2, (B) Furin, and (C) TMPRSS2. Significance is indicated between intergroup *p <0.05, **p< 0.01, ***p<0.001 and intragroup ##p< 0.01, 
###p<0.001 and ####p<0.0001 variability, the two-way ANOVA test was used for statistical analysis.
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all other pathological cohort showed significant increases, 
NLFS (p < 0.01), SAD (p < 0.001), and COPD-CS (p < 0.01), 
than NCs. Notably, a significant downregulation of these 
proteins was observed in COPD-ES compared to SAD and 
COPD-CS, suggesting smoking cessation effects. 
Interestingly, unlike type 2 pneumocytes, in NCs, AMs posi
tive for ACE2, Furin, and TMPRSS2 showed no significant 
difference from negative AMs. In NLFS groups, increased 
fold change was seen in ACE2, with significance in Furin 
(p < 0.01) and TMPRSS2 (p < 0.05) positive cells over that of 
the negative cells. Both COPD groups and the SAD cohort 
showed increased fold for the three proteins over their 

corresponding negative AMs, with the greatest significance 
seen in the COPD-CS. Among all pathological groups, fold 
differences in COPD-ES considerably declined across the 
three proteins.

Tissue Co-Expression of Furin and 
TMPRSS2 with ACE2 in Small Airway 
Epithelium, Type 2 Pneumocytes and 
Alveolar Macrophages
We further analysed the degree of co-expression of 
Furin and TMPRSS2 with ACE2 expression using 

Figure 5 Differences in ACE2, Furin and TMPRSS2 positive and negative alveolar macrophages (AMs) in normal controls, normal lung function smokers, SAD, and COPD 
patients. (A) Differential inter and intra group analysis of protein expression in alveolar macrophages as fold change for positive cells over negative cells in NC, NLFS, SAD, 
COPD-CS and COPD-ES for (A) ACE2, (B) Furin, and (C) TMPRSS2. Significance is indicated as: *p <0.05, **p< 0.01, ***p<0.001 and ****p<0.0001 and intragroup #p <0.05, 
##p< 0.01 and ###p<0.001 variability, the two-way ANOVA test was used for statistical analysis.
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Pearson r’ correlation coefficient (Figure 6). 
Interestingly, except for COPD-ES in the type 2 pneu
mocyte population, we found that in all the pathological 
groups Furin and TMPRSS2 showed positive Pearson r’ 
coefficient values with ACE2. In contrast, in NCs, both 
Furin and TMPRSS2 showed a negative correlation to 
ACE2 in SA epithelium and type 2 pneumocytes while 
showing minimal to no correlation in alveolar macro
phages (AMs). Most notably, the significant positive 
correlation was observed in NLFS AMs in both Furin 
(r’=0.95; p < 0.001) and TMPRSS2 (r’=0.98; p < 
0.001). Significance was also noticed in SAD 
TMPRSS2 levels (r’=0.78; p < 0.01) in SA epithelium 
and for Furin (r’=0.97; p < 0.001) in type 2 pneumo
cytes (Figure 6).

ACE2, Furin, TMPRSS2 Expression and 
Correlation with Lung Function Parameters
Comparative correlation analysis across the four patho
logical groups was conducted with the data for ACE2, 
Furin and TMPRSS2 expression in SA epithelium, type 
2 pneumocytes (T2Ps) and alveolar macrophages 
(AMs). Their association with physiological function 
such as lung function (FEV1/FVC %), small airway 
functionality (FEF25–75%) and gas exchange (DLCO 
%predicted) was determined (Table 2). In SA epithe
lium, negative correlation between Furin and 
TMPRSS2 expression with lung function parameters 
FEV1/FVC% [Furin (r’= −0.38; p < 0.05); TMPRSS2 
(r’= −0.35; p < 0.05)] and FEF25–75% [Furin- (r’= 
−0.27; p = 0.06); TMPRSS2 (r’= −0.26; p = 0.07)] was 

Figure 6 Correlation coefficient analysis for ACE2, Furin and TMPRSS2 in small airway epithelium, type 2 pneumocytes (T2P) and alveolar macrophages (AMs). Pearson r’ 
correlation analysis was performed to estimate the degree of co-expression of ACE2, Furin and TMPRSS2 in NLFS, SAD, COPD-CS and COPD-ES compared to NC in (A) 
small airway epithelium, (B) type 2 pneumocytes, and (C) alveolar macrophages. Significance is indicated as **p< 0.01 and ***p<0.001.

Table 2 Correlations of ACE2, Furin and TMPRSS2 with Physiological Lung Parameters

Parameters Percent SA Epithelium Expression Type 2 Pneumocytes per Area of 
Parenchyma

Alveolar Macrophages per Area of 
Parenchyma

ACE2 Furin TMPRSS2 ACE2 Furin TMPRSS2 ACE2 Furin TMPRSS2

FEV1/FVC 
%  
predicted

r’= 0.16 
p=0.18

r’= −0.38* 
p = 0.02*

r’= −0.35* 
p=0.01*

r’=−0.20 
p = 0.12

r’= −0.50* 
p = 0.001*

r’= −0.40* 
p = 0.007*

r’=−0.22 
p=0.1

r’=−0.16 
p = 0.17

r’= 0.1 
p = 0.28

FEF25–75% 

(L/sec) % 
predicted

r’= 0.22 

p=0.10

r’= −0.27# 

p = 0.06#

r’= −0.26# 

p=0.07#

r’= −0.30# 

p=0.053#

r’= −0.52* 
p=0.0008*

r’= −0.30* 
p = 0.04*

r’=−0.30* 
p = 0.04*

r’= −0.02 

p=0.44

r’= −0.15 

p=0.053

DLCO %  
predicted

r’= −0.13 

p=0.25

r’= 0.08 

p=0.30

r’= −0.21 

p=0.1

r’=−0.05 

p=0.38

r’=−0.05 

p=0.37

r’= 0.03 

p= 0.42

r’=−0.40# 

p=0.017#

r’=−0.23# 

p=0.09#

r’=−0.27# 

p=0.06#

Notes: Pearson r’ for correlation; p<0.05 considered significant. *Significant, #close to a significant correlation.
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observed, however no relation with ACE2 expression 
could be established. Also, no relationship with DLCO 
for the three makers was observed. In T2Ps, we found 
significant or near significant correlation for all three 
markers with the lung function parameters, for ACE2 
[FEV1/FVC% (r’= −0.20; p = 0.1), and FEF25–75% 
(r’= −0.30; p = 0.053)], Furin [FEV1/FVC% (r’= 
−0.50; p < 0.01), and FEF25–75% (r’= −0.52; p < 
0.001)] and TMPRSS2 [FEV1/FVC% (r’= −0.40; p < 
0.01), and FEF25–75% (r’= −0.30; p < 0.05)]. As with 
SA epithelium, no noticeable relation between T2Ps 
and DLCO % predicted was observed. In contrast, 
AM expression for three markers showed significant 
or near significant correlation with DLCO % predicted, 
for ACE2 (r’= −0.40; p = 0.05), Furin (r’= −0.23; p = 
0.09), and TMPRSS2 (r’= −0.27; p = 0.06). In addi
tion, ACE2 expressing AMs were also observed to 
significantly affect the small airway functionality 

FEF25–75% (r’= −0.30; p < 0.05) and near signifi
cance was seen for lung function parameter, FEV1/ 
FVC% (r’= −0.22; p = 0.1). We observed no significant 
relationship for AMs expressing Furin and TMPRSS2 
with lung function parameters.

Increased Co-Localisation of Furin and 
TMPRSS2 with ACE2 Was Observed in 
Primary Small Airway Epithelial Cells Treated 
with Cigarette Smoke Extract in vitro
Following our observation with immunohistochemical 
analysis of small airway tissue, we demonstrated these 
findings using in vitro primary small airway epithelial 
cells. We observed increased Furin, TMPRSS2, and 
ACE2 expression of primary small airway epithelial 
cells when treated with 1% cigarette smoke extract 
over vehicle control (Figure 7A). Furin and ACE2 
both showed increased peripheral expression and co- 

Figure 7 Immunofluorescence of proteins (ACE2, Furin, and TMPRSS2) associated with SARS-CoV-2 adhesion and infection. ACE2, Furin and TMPRSS2 protein expression 
of small airway epithelial cells following cigarette smoke exposure. Small airway epithelial cells were exposed to 1% cigarette smoke extract (CSE) or appropriate vehicle 
control (VC) (1% DMSO) and incubated for 24 hours. (A) Protein expression of ACE2 (green), Furin (red, top) and TMPRSS2 (red, bottom) with DAPI (blue) was assessed 
through immunofluorescence staining and confocal imaging. Images at 40×. (B) Cigarette smoke extract-treated cells had significantly greater corrected total cell 
fluorescence of ACE-2, Furin, and TMPRSS2. (C) Co-localisation does not vary between cigarette smoke extract-treated cells and vehicle controls (VC). Corrected total 
cell fluorescence and Pearson’s coefficient were calculated using ImageJ. Results are represented as medians ± range. Ns= non-significant; *p<0.05; ****p<0.0001.
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expressed in similar areas within the cell membrane. 
Although similar ACE2-TMPRSS2 co-expression was 
observed, TMPRSS2 expression was found to be more 
within the cytoplasm than in the plasma membrane 
(Figure 7A). Corrected total cell fluorescence signifi
cantly increased for ACE-2 (p < 0.0001), Furin (p < 
0.01), and TMPRSS2 (p < 0.0001) following treatment 
with 1% cigarette smoke extract compared to vehicle 
controls (Figure 7B). No significant difference between 
cigarette smoke extract-treated and VC was seen for 
co-localisations of Furin and ACE2 or TMPRSS2 and 
ACE2 (Figure 7C).

Discussion
This study demonstrates links between smoking, COPD and an 
increase in multiple biomarkers associated with SARS-CoV-2 
viral adhesion and cellular entry. This study expands on our 
previous work, which first identified this link.29 To our knowl
edge, this study is the first to demonstrate a quantitative 
increase in expression of ACE2, Furin and TMPRSS2 in type 
2 pneumocytes and alveolar macrophages in the small airways 
of NLFS and SAD and COPD patients. Further, we also 
identified an increase in both Furin and TMPRSS2 in the 
small airway epithelium, type 2 pneumocytes and alveolar 
macrophages, which corresponded with the areas of increased 
ACE2 expression. Total numbers of type 2 pneumocytes and 
alveolar macrophages per parenchymal area were increased in 
smokers and COPD patients, along with the percentage of 
ACE2, Furin and TMPRSS2 positive cells in all groups com
pared to normal controls. An increase in type 2 pneumocytes 
also possibly suggests active interstitial pathology like idio
pathic pulmonary fibrosis (IPF).47–49 Interestingly, COPD-ES 
tissues showed a significant reduction in the total number of 
alveolar macrophages and the number of ACE2, Furin and 
TMPRSS2 positive alveolar macrophages, indicating 
a smoking cessation effect. Our findings are further strength
ened with in-vitro experiments in which healthy primary small 
airway epithelial cells were observed to have increased fluor
escent intensity of ACE2, Furin, and TMPRSS2 following 
cigarette smoke extract stimulation. An observed co- 
localisation of ACE2/Furin and ACE2/TMPRSS2 was 
unchanged between cigarette smoke extract 1% treated cells 
and vehicle controls. This unchanged co-localisation of these 
proteins highlights their likely complex synergy which is uti
lised for adhesion and engulfment of SARS-CoV-2.

The role of ACE2 as an adhesion site for coronaviruses was 
first identified in connection with the 2003 outbreak of SARS 

(SARS-CoV-1),50 but the emergence of SARS-CoV-2 has 
once again drawn the attention of the scientific community to 
the human ACE2 protein. Increased small airway epithelium 
expression of ACE2 has been previously reported, however, 
our finding shows that smoking, independent of respiratory 
disease, provides sufficient stimulus to elevate respiratory 
epithelial ACE2 expression significantly. This suggests an 
inherent risk of a more severe COVID-19 infection for smo
kers, irrespective of lung function. The increased expression of 
ACE2 was further exacerbated by the development of small 
airway disease and COPD. The binding affinity between 
SARS-CoV-2 and ACE2 is significantly higher, which is at 
the core of the strong infectious nature of this virus. The 
increased expression of Furin and TMPRSS2 in smokers is 
further evidence of the greater mechanism of possible infection 
for smokers and COPD patients, as viral adhesion and cell 
entry is facilitated. Our correlation coefficient analysis between 
ACE2, Furin and TMPRSS2 further indicates the degree of co- 
expression between these proteins, especially under pathologi
cal conditions. Interestingly, we find that smokers and patients 
with small airway dysfunction have greater co-dependency of 
these proteins than normal healthy controls, suggesting their 
vulnerability to early disease onset to a SARS infection. It is 
interesting to note that, in this context, the downregulation of 
cofactors Furin and TMRSS2 in normal controls compared to 
ACE2 suggests that ACE2 alone is not sufficient, but smokers, 
patients with COPD or with small airway disease, the three 
proteins are upregulated, thus enhancing the chance for SARS- 
CoV-2 infections, and further exacerbating COVID-19.

SARS-CoV-2 and other similar enveloped viruses use 
the host cell endocytic pathway for hijacked cellular entry 
before fusing it with lysosomal membranes.51 We have 
recently shown a concurrent upregulation of both endocy
tic machinery proteins and ACE2 with similar localisation 
in normal lung function smokers and COPD (current- and 
ex-smokers) patients compared with normal human control 
tissue, promoting the theory of endocytic facilitation of 
viral entry for SARS-CoV-2.52 This study further amplifies 
the increased susceptibility and risk for this demographic 
in relation to the COVID-19 pandemic.

Correlations with clinical data showed a significant 
negative relationship between ACE2, Furin and 
TMPRSS2 positive alveolar macrophages and DLCO % 
predicted. In addition, a strong correlation between ACE2 
positive alveolar macrophage and small airway capacity 
FEF 25–75% was evident here. Furin and TMPRSS2 
expression in small airway epithelium and type 2 pneumo
cytes interestingly showed a greater propensity for airway 
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dysfunction than ACE2. This indicates that a link between 
the degree of small airway epithelium, type 2 pneumocytes 
and macrophages expressing ACE2, Furin and TMPRSS2 
and poor lung function outcomes in smokers and COPD 
patients could indeed drive more severe COVID-19.

Studies have shown a significant increase in the number of 
macrophages in the small airways and lung parenchyma in 
patients with COPD compared to normal lung functions smo
kers, which is similarly observed in our study.53,54 This 
increased macrophage population has been established as 
part of the pathogenic mechanisms in COPD. Supported clini
cally, studies have demonstrated a positive correlation between 
increasing alveolar macrophage numbers and COPD 
severity.55 One study found that patients with COVID-19 
related severe respiratory failure displayed features of macro
phage activation syndrome.56 It has been suggested that alveo
lar macrophages play the role of the trojan horse in COVID-19, 
providing a mobile viral anchoring point specifically within the 
alveolar spaces and pulmonary parenchyma.35,57

We have previously shown an increase in the number of 
pro-inflammatory and cytotoxic M1 macrophages in the small 
airway wall of NLFS and COPD-CS, with a corresponding 
reduction in anti-inflammatory M2 macrophages, with pheno
type reverting towards normal levels in COPD-ES.45 

Interestingly, alveolar macrophage populations from bronch
oalveolar lavage showed the inverse, with increased M2 popu
lations seen in NLFS and COPD cohorts. Furthermore, the 
polarisation and increase in M1 macrophages in the small 
airways correlate directly with smoking pack-years.45 

Correlating these earlier findings with those in this study 
suggests that COPD sees a pathological increase in small air
way pro-inflammatory M1 macrophages, which would help 
drive acute respiratory disease syndrome (ARDS) commonly 
presenting in COVID-19 patients.58 Furthermore, an increased 
alveolar macrophage population that predominantly expresses 
ACE2 protein will facilitate inhaled viral binding and cellular 
entry. Currently, there is a limited understanding of the con
nection between alveolar macrophages and COVID-19; other 
than that, alveolar macrophages are a targeted binding site for 
SARS-CoV-2.57 However, recent studies have suggested that 
alveolar macrophages play a crucial role in the cytokine storm 
seen in severe COVID-19.59 On top of predominantly greater 
neutrophil to lymphocyte ratios in severe cases of COVID- 
19,60 hyperinflammation and highly elevated concentrations of 
cytokines and chemokines drive the severity of disease,61 of 
which macrophages constitute a significant source.59,62 IL-6 
and the NF-κB pathway is heavily implicated and highly 
correlated with lethal complications from COVID-19,56,63 

and given the role of IL-6 in chronic respiratory diseases,64,65 

smoking and COPD could initiate and exacerbate the severity 
of COVID-19 cytokine storm.62

It has recently been suggested that the smoking-induced 
increase in ACE2 expression is nicotine-dependent and 
mediated by α7-subtype nicotinic receptors (α7-nAChR).66 

Therefore, we have explored other nicotine delivery systems 
such as electronic cigarettes and the effect that their use may 
have on ACE2 expression and susceptibility to SARS-CoV-2 
infection.67 In our preliminary studies, ACE2 expression was 
increased in large and small airway epithelial cells following 
exposure to electronic cigarette aerosol condensate and cigar
ette smoke extract with predominant nicotine dependence.68

When considering the findings from this study, it should be 
noted that patient tissue samples came from lung resection 
involving non-small cell lung cancers, but to mitigate the risk 
of interference with results, the tissue used in this analysis was 
significantly distant from any tumour. Altered ACE2, Furin, 
and TMPRSS2 expression in lung cancer has been reported69 

but should have little to no impact on our measurements. 
Another limitation of this study is the low but precious number 
of samples from subjects available, contributing to the clinical 
groups. However, our robust statistics show that these changes 
will only further exaggerate with higher numbers. Therefore, 
we believe that the results presented are statistically robust. 
The variability in age across the clinical groups is also a minor 
and unavoidable limitation, with the potential correlation of 
results with age not being verified.70 Further work is required 
to confirm that increased ACE2 expression correlates with 
increased infectivity and severity of COVID-19 clinical 
outcomes.

Since the emergence of COVID-19, much work has 
been done to identify possible links between the virus and 
potential risk populations.71 It has been established that, 
like SAR-COV-1, the causative agent of SARS, SAR- 
COV-2 enters cells via the ACE2 receptor.72 Work con
ducted by our group and others has shown an increase in 
ACE2 and that this viral spike protein-binding site is 
linked to smoking and COPD.29,30,43 Increased small and 
large airway epithelial ACE2 expression has been 
observed in smokers and patients with COPD.73 Smoking 
has been demonstrated to upregulate the expression of 
ACE2 both in mouse models and in cross-sectional 
studies;74 similar reports have been published about the 
risk of vaping.67,68 This novel study provides further evi
dence supporting the observations of increased ACE2 
expression in small airway epithelium, alveolar 
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macrophages, and type 2 pneumocytes of smokers and 
patients with COPD.

Conclusion
This is the first comprehensive multigroup study to 
show ACE2, Furin and TMPRSS2 expression in the 
small airway epithelium, type 2 pneumocytes and alveo
lar macrophages. We also believe this is the first report 
on a significant increase in type 2 pneumocytes in smo
kers and patients with COPD, suggesting active inter
stitial pathology similar to IPF. This increase indicates 
that smokers and patients with COPD could be at 
a higher risk of developing post-COVID-19 interstitial 
pulmonary fibrosis or fibrosis in general. We have pro
vided links between increased expression of ACE2 due 
to smoking, SAD, and COPD in both type 2 pneumo
cytes and macrophages, correlating this with previous 
information linking possible pathogenic phenotypes 
between COPD and COVID-19. We show that along 
with increased ACE2 expression, the cofactors Furin 
and TMPRSS2 also increase in smokers, SAD, COPD, 
and cigarette smoke extract treated small airway primary 
epithelial cells. The overexpression of these proteins 
links smokers and COPD patients, increased susceptibil
ity to the virus, and the potential for severe manifesta
tions of COVID-19. Mounting evidence supports that 
smoking and vaping are avoidable risk factors during 
the COVID-19 pandemic.75–77
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