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Abstract: Angiotensin-converting enzyme 2 (ACE-2) is the main cell entry receptor for severe acute
respiratory syndrome-Coronavirus-2 (SARS-CoV-2), thus playing a critical role in causing Coron-
avirus disease 2019 (COVID-19). The role of smoking habit in the susceptibility to infection is still con-
troversial. In this study we correlated lung ACE-2 gene expression with several clinical/pathological
data to explore susceptibility to infection. This is a retrospective observational study on 29 consecu-
tive COVID-19 autopsies. SARS-CoV-2 genome and ACE-2 mRNA expression were evaluated by
real-time polymerase chain reaction in lung tissue samples and correlated with several data with
focus on smoking habit. Smoking was less frequent in high than low ACE-2 expressors (p = 0.014).
A Bayesian regression also including age, gender, hypertension, and virus quantity confirmed that
smoking was the most probable risk factor associated with low ACE-2 expression in the model. A
direct relation was found between viral quantity and ACE-2 expression (p = 0.028). Finally, high
ACE-2 expressors more frequently showed a prevalent pattern of vascular injury than low expressors
(p = 0.049). In conclusion, ACE-2 levels were decreased in the lung tissue of smokers with severe
COVID-19 pneumonia. These results point out complex biological interactions between SARS-CoV-2
and ACE-2 particularly concerning the aspect of smoking habit and need larger prospective case
series and translational studies.

Keywords: SARS-CoV-2; COVID-19; angiotensin converting enzyme receptor; smoking

1. Introduction

Coronavirus disease 2019 (COVID-19) has affected approximately 120 million people
in a devastating worldwide pandemic [1]. The disease is characterized by an extremely
heterogeneous clinical course, ranging from asymptomatic cases or cases with mild flu-like
symptoms to the most severe cases of bilateral interstitial pneumonia requiring hospital
admission or even intensive care unit (ICU) treatment [2].

In the early stage of the outbreak, genomic analysis studies and pairwise protein
sequence analysis revealed that a SARS-related coronavirus, the SARS-CoV-2 (severe acute
respiratory syndrome-Coronavirus-2), was the causative pathogen agent. The full-length
genome sequencing of the virus showed that the sequences share a 79.6% identity to SARS-
CoV, responsible for the 2003 SARS epidemic. Rapid global spread and transmission of
COVID-19 provides the virus with substantial opportunities for the natural selection of
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rare but favorable mutations. Indeed, many mutations on the spike (S) protein seem to be
favorable for viral entry, survival capability and transmission [3,4]. It was found that SARS-
CoV-2 uses the same functional host receptor as SARS-CoV, the angiotensin-converting
enzyme 2 (ACE-2), through binding to the viral S protein [5]. Following SARS-CoV-2
binding with ACE-2, the entry of the virus into the cell requires the priming and cleavage
of protein S by a serine protease, TMPRSS2, allowing the fusion of the viral and cell
membranes [6].

ACE-2 is a membrane-associated carboxypeptidase that catalyzes the conversion of
angiotensin I (a vasoconstrictor) to the nonapeptide angiotensin (1–9) and of angiotensin
II in the heptapeptide angiotensin (1–7) (vasodilators), playing a fundamental role in the
regulation of blood pressure and in the renin–angiotensin–aldosterone system (RAAS).
Its expression in human tissue is almost ubiquitous, including cardiovascular tissue, the
respiratory tract, small intestine, kidneys, and central nervous system [7].

One of the hallmarks of COVID-19 is the presence of a variable degree of vascular
injury mostly in the form of micro/macro-thrombosis, endothelialitis and neoangiogen-
esis [8,9], likely related to the virus’ spread into endothelial cells, which show ACE-2
receptors as well as other cell types.

These findings indicate that organs with a high ACE-2-expressing cell number should
be considered to be at high risk for SARS-CoV-2 infection [10].

In the lung, ACE-2 is expressed in the airway epithelia as well as in several cell types
of lung parenchyma. The immunofluorescence studies have shown that ACE-2 protein was
abundantly expressed on the apical surface of well-differentiated and polarized airway
epithelia [11], in type II pneumocytes [12], alveolar macrophages [13], and lung endothelial
cells [14]. However, the exact role of ACE-2 as a mediator of lung disease severity remains
to be determined. Mice engineered to express high levels of human ACE-2 succumbed
to infections with the SARS coronavirus more quickly than mice expressing low levels of
human ACE-2, suggesting that increasing ACE-2 enhances viral entry susceptibility [10].
At the same time, it has been shown that ACE-2-knockout mice are vulnerable to a variety
of lung injuries, and ACE-2 expression has been reported to play a protective role in the
respiratory tract [15]. As ACE-2 expression is both necessary and sufficient for SARS-CoV-2
infection [16], it seems highly likely that an expansion of ACE-2 positive cells in the lungs
would facilitate viral dissemination, but it remains possible that the presence of ACE-2 has
some beneficial functions as well.

Many of these studies have been carried out in animal models and in vitro always
from healthy or non-infected lung tissues [17]. The expression of ACE-2 in tissues coming
from COVID-19 patients has been previously reported although not in the lung [18]. More-
over, studies of correlations between tissue viral receptors and major clinical-pathological
data are still largely missing. There are several studies that have hypothesized altered
ACE-2 expression by correlating the severity and progression of COVID-19 with many dif-
ferent variables such as age, sex, ethnicity, drugs, various comorbidities and smoking [19]
sometimes reporting conflicting results, as in the case of smoking status [20]. Indeed,
several case series have highlighted that active smoking status was significantly lower in
COVID-19 patients, while others found that smoking was an independent risk factor for
a more severe disease and a worse prognosis [21–25], implying a connection between an
altered expression of ACE-2 and cigarette smoke.

In this interesting and conflicting scientific debate, molecular studies evaluating the
mechanisms leading to altered ACE-2 expression in COVID-19 patients are still lacking.

Accordingly, we aimed to analyze lung ACE-2 gene expression and correlate it with
several clinical/pathological data of patients with severe COVID-19 pneumonia to deter-
mine possible susceptibility to infection.
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2. Materials and Methods
2.1. Study Population

This retrospective observational study included 29 consecutive COVID-19 laboratory-
confirmed autopsies performed at the University Hospital of Padua from 23 March to 10
October 2020, according to national and international protocols [26]. The Ethics Committee
of our Center was informed about our study, which complied with the Declaration of
Helsinki. The diagnosis of COVID-19 was made according to the WHO interim guid-
ance [27]. Specifically, nasopharyngeal swabs were tested by sequencing or real-time
polymerase chain reaction (PCR) according to international standards. For each patient,
the following demographic data and clinical characteristics were recorded: age, gender,
comorbidities (in particular cardiovascular), other respiratory pathogens, duration of the
disease, and smoking history.

Autoptic examinations were carried out with a postmortem interval ranging from
24 hours to 6 days. Lungs were evaluated as previously described [28]. Briefly, 16 tissue
blocks from airways and each lung (3 blocks/lobe) were sampled. Based on the presence
and severity of some histological parameters, each patient was categorized by expert
pathologists (FC, FF, FP) in a prevalent histological phenotype, as previously described [29].

Pathological alveolar injury (AI) prevalent phenotype was defined when the combined
score of hyaline membranes, organizing pneumonia, pneumocyte type 2 hyperplasia,
and squamous metaplasia were found to be at least two times greater than vascular
alterations. These lesions, including microthrombi, large thrombi, vasculitis, and capillary
inflammation, identified the prevalent vascular injury (VI) phenotype, and a prevalent
vascular phenotype when VI scores were double AI scores. A mixed phenotype was
defined when lesions of both AI and VI were equally present, and a prevalent phenotype
was unremarkable.

2.2. Molecular Analyses

Total RNA was extracted from about 30 mg of frozen lung autopsy tissues using a
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) with a sample homogenization in a Tis-
sue Lyzer System (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Quantity and quality of prepared RNA were examined by Nanodrop One/OneC Microvol-
ume UV-Vis Spectrophotometer (ThermoFischer Scientific, Waltham, MA, USA). The cDNA
was synthesized from 500 ng of total RNA, using 50 µM Random Hexamers (Invitrogen,
ThermoFischer Scientific, Watham, MA, USA), 10 mM dNTPs mix (Invitrogen, ThermoFis-
cher Scientific, Waltham, MA, USA), RNase Inhibitor 20 U/µL (Applied Biosystems, Ther-
moFischer Scientific, Waltham, MA, USA), 50 U/µL of Multi Scribe Reverse Transcriptase
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) in a final volume of
20 uL following the manufacturer’s protocol. The cDNA quality was confirmed by the
amplification of housekeeping gene glyceraldehyde3-phosphate dehydrogenase (GAPDH).
Quantitative determination of mRNA levels of the ACE-2 gene was performed in triplicate
on a Light Cycler 480 II (Roche Applied Science, Mannheim, Germany) using SYBR Green
based quantification. Reactions were prepared in a final volume of 20 µL with 1× SYBR
Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA),
5 µM of forward and reverse primers and 5 µL of cDNA in 45 cycles of amplification. The
used oligonucleotide primers were: ACE-2 forward 5′-CATTGGAGCAAGTGTTGGATCTT-
3′; ACE-2 reverse 5′-GAGCTAATGCATGCCATTCTCA-3′; GAPDH forward 5′-AAGGTG
AAGGTCGGAGTCAA-3′; and GAPDH reverse 5′-ACCAGAGTTAAAAGCAGCCC-3′.
The reaction conditions were 10 min of denaturation and enzyme activation at 95 ◦C fol-
lowed by denaturation at 95 ◦C for 10 seconds, annealing at 58 ◦C for 40 s, and extension
and florescence acquiring at 60 ◦C for 30 s. GAPDH was used as an internal control to
normalize the target genes. For each sample, three replicates were performed, and the
average Ct was determined and then the ∆Ct value was calculated by normalizing target
genes (ACE-2) with the housekeeping gene GAPDH. Normal lung tissue samples coming
from five lung donors were used as controls. The relative transcript levels (fold-changes)
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were calculated as x = 2−∆∆Ct in which ∆∆CT = ∆Ct (SARS-CoV-2 positive patients) − ∆Ct
(lung donors).

Quantitative determination of SARS-CoV-2 was also performed by using the CDC
2019-Novel Coronavirus (2019-nCoV) real-time RT-PCR Diagnostic Panel [30].

The reaction conditions were 10 minutes at 50 ◦C, then 95 ◦C for 3 min, followed by
45 cycles of denaturation at 95 ◦C for 3 sec, then annealing and extension at 55 ◦C for 30 s.
To correct for sampling variability, we used the human RNAse P as a reference to normalize
the viral load by the comparative Ct method (∆Ct), that transforms the Ct into relative
loads (ratios of viral target to human target). Figure 1 shows a plot of SARSCoV-2 gene N1
Ct normalized with the human RNAse P Ct values against the gene N1 Ct. The plot shows
an inverse linear correlation, which is expected because Ct values indeed reflect viral loads,
but the dispersion of the data may reach up to four log units (ten thousand-fold) for any
given Ct (black arrow).

Figure 1. Real-Time PCR for ACE-2 expression. Typical amplification plots of GAPDH (A) and ACE-2 (B) genes. Cts of
GAPDH plotted against the ACE-2 gene Cts (Rho = 0.43, p = 0.020) (C). Normalized ACE-2 Ct values (log(2−∆Ct) = log(2
− (Cttarget − Ctreference)) plotted against the ACE-2 gene Cts (D). The normalized Ct values are relative expression values
(ratios of target gene to housekeeping gene) and are transformed to logarithmic scale for graphical representation. Shaded
areas represent the 95% CI of the linear correlation line.

2.3. Statistical Analysis

All clinical and pathological data were recorded in an electronic database. Data are
presented as medians (with first and third quartile) for continuous variables and as percent-
ages for categorical variables. Considering age, patients were divided on the basis of the
median value (82 years old) into “older” (≥82 years old) and “younger” (<82 years old).
All statistics were performed with ∆Ct values, that are inversely related to the expression
of the target gene. Based on median ACE-2 ∆Ct value, patients were divided in “high
expressors” (∆Ct < 5.6) or “low expressors” (∆Ct ≥ 5.6) and compared for all available
clinical/morphological data. Wilcoxon rank sum test, Pearson’s Chi-squared test, Fisher’s
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exact test, and Wilcoxon rank sum exact test were used to compare variables in the two
groups (smokers vs. non-smokers and high vs. low expressors). False discovery rate cor-
rection for multiple testing (q-value) was implemented. Linear correlations were explored
with the Spearman’s Rho coefficient.

We fitted a Bayesian general linear model (student family with an identity link)
(estimated using Markov Chain Monte Carlo sampling with 4 chains of 2000 iterations
and a warmup of 500) to predict ACE-2 expression with smoker (yes/no), age, gender,
hypertension (yes/no), and virus quantity. Priors over parameters were all set as student
t (location = 3, 0, scale = 1.00) distributions. Following the Sequential Effect eXistence
and sIgnificance Testing (SEXIT) framework, we reported the median of the posterior
distribution and its 95% CI (Highest Density Interval), along the probability of direction
(pd), the probability of significance and the probability of being large. The thresholds
beyond which the effect is considered as significant (i.e., non-negligible) and large are
|0.05| and |0.30|. Convergence and stability of the Bayesian sampling has been assessed
using R-hat, which should be below 1.01, and effective sample size (ESS), which should be
greater than 1000. Analysis and graph were produced with the R software v.4.0 [31] using
the tidyverse, stats, brms, gtsummary, ggstatsplot and report packages.

3. Results
3.1. Study Population

Table 1 reports the main clinical characteristics of the study population.

Table 1. Clinical characteristics of the study population.

Characteristic N = 29 1

Age (years) 82 (75–87)
Gender

Male 17 (59%)
Female 12 (41%)

Smokers 10 (38%)
(Missing) 3

Comorbidities (overall) 28 (97%)
Cardiovascular comorbidities 25 (86%)

Hypertension 17 (59%)
Other infections 11 (38%)

Symptoms (overall)
Yes 29 (100%)

Cough 17 (59%)
Dyspnea 26 (90%)

Fever 21 (78%)
(Missing) 2

Intensive care unit admission 13 (45%)
Disease duration (days) 9 (7–22)

1 Median (IQR); n (%).

Patients had a median (IQR) age of 82 (75–87) years and consisted mainly of males
(59%). Information about smoking status was carefully collected and turned out to be
available in 26/29 patients. In particular, 10 of them were smokers (38.5%) (7 former and 3
current smokers) and 16 were non-smokers (61.5%). Median disease duration (calculated
from the onset of symptoms to death) was 9 days, ranging from 3 to 54. Comorbidities were
present in 28/29 patients (97%) and 25 of them were affected by cardiovascular diseases.
Most patients presented a minimum of two to a maximum of six comorbidities. The most
frequent comorbidities were hypertension (17), type II diabetes (7), dementia (7), atrial
fibrillation (5), ischemic heart disease/heart failure (5), chronic obstructive pulmonary
disease (5), neoplasia (5), and vasculopathy (4). Dyspnea was the most frequent symptom
and was present in 90% of patients.
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After a systematic morphological evaluation, histology showed heterogeneous fea-
tures: 45% of patients showed a prevalent pattern of vascular injury, while 14% of them
had an acute lung injury and 41% a mixed phenotype.

3.2. Molecular Analyses

RNA was extracted from frozen lung tissue samples obtained from all patients and
from normal lung tissue samples coming from five non-implanted donor lungs (three
females, two males, mean ± SD age: 49.2 ± 7.7 years, all non-smokers), used as “healthy”
controls. Quantity and quality of RNA samples were adequate for the real-time polymerase
chain reaction (PCR) analysis. In particular, mean (±SD) RNA concentration was 236± 185;
mean (±SD) A260/280 and A260/230 ratios were 2.09 ± 0.03 and 1.54 ± 0.53, respectively.

In all patients, the positivity for SARS-CoV-2 was confirmed in lung tissues by real-
time PCR, showing median (Q1–Q3) values of N1 ∆Ct of 2.9 (−3.4–6.8), ranging from −9.3
to 13.7. Donor lungs were completely negative.

Real-time PCR for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) showed a
mean (±SD) GAPDH Ct of 26.7 (±2.3), ranging from 23.6 to 34.3, and real-time PCR for
ACE-2 showed a mean (±SD) ACE-2 Ct of 32.0 (±2.2), ranging from 28.9 to 37 (Figure 1).

Median (Q1–Q3) values of ACE-2 ∆Ct were 5.6 (3.8–6.4), ranging from 1.7 to 9.7. Based
on median ACE-2 ∆Ct value, patients were divided into “high expressors” (∆Ct < 5.6,
16 patients) or “low expressors” (∆Ct ≥ 5.6, 13 patients). Donor lung tissues showed an
ACE-2 ∆Ct median (Q1–Q3) value of 9.8 (7.8–10), ranging from 6.2 to 10.3; thus, ACE-2
expression was increased 18-fold in cases of SARS-CoV-2 infection (Figure 2).

Figure 2. Box-violin plots of ACE-2 expression comparison in the three groups of patients. Overall comparison was
implemented with the Kruskal–Wallis test. Pairwise comparisons with the Dunn post-hoc test. Only the COVID non-
smokers vs. non-COVID non-smokers comparison was significant (p = 0.002). ACE-2 ∆Cts (CtACE-2 − CtGAPDH) are
inversely correlated with ACE-2 expression.
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3.3. Correlations between ACE-2 Expression and Clinicopathological Data

When comparing N1 and ACE-2 ∆Ct, a direct linear relation was found (p = 0.028,
rho = 0.44): thus, the quantity of SARS-CoV-2 in tissue was directly related to ACE-2
receptor expression (Figure 3).

Figure 3. Relation between ACE-2 expression and virus quantity. Direct linear relation between
SARS-CoV-2 quantity and ACE-2 receptor expression (p = 0.028, rho = 0.44). Shaded areas represent
the 95% CI of the linear correlation line.

After dichotomizing ACE-2 expression values, smoking habit was shown to be less
frequent in “high expressors” than “low expressors” (14% vs. 67%, p = 0.014, Table 2). No
other significant differences were found when ACE-2 expression was correlated with the
remaining clinical data. The significant effect of ACE-2 expression was also observed when
several clinical/pathological data were analyzed in smokers versus non-smokers. Smokers
showed a median (IQR) ∆CT of 6.15 (5.75, 6.97) vs. 4.20 (3.58, 5.61) (p = 0.012, Table 3).
Other clinical parameters did not differ between these two groups of patients.

Bayesian regression model explanatory power is substantial (R2 = 0.41, 89% CI
[0.24, 0.55], Figure 4). Within this model:

• The effect of smoking (Median =−0.73, 95% CI [−1.41,−0.06]) has a 98.17% probability
of being negative (<0), 97.63% of being significant (<−0.05), and 90.42% of being large
(<−0.30).

• The effect of age (Median = −0.12, 95% CI [−0.45, 0.22]) has a 76.37% probability of
being negative, 65.70% of being significant, and 14.38% of being large.

• The effect of gender (female) (Median = −0.23, 95% CI [−0.90, 0.40]) has a 75.82%
probability of being negative, 70.98% of being significant, and 40.55% of being large.

• The effect of hypertension (Median = 0.38, 95% CI [−0.25, 1.03]) has a 88.28% proba-
bility of being positive (>0), 84.58% of being significant (>0.05), and 58.97% of being
large (>0.30).

• The effect of virus quantity (Median = 0.33, 95% CI [−0.05, 0.72]) has a 95.37% proba-
bility of being positive, 92.63% of being significant, and 56.38% of being large.

The estimation successfully converged (R-hat = 1.000) and the indices are reliable
(ESS > 7000) for all the variables.
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Figure 4. Bayesian linear regression model coefficients. Data are presented as median with 95% highest density interval of
the posterior distribution. Coefficients are ranked from the lowest to the highest median.

Table 2. Clinical and morphological characteristics of patients with high vs. low ACE-2 expression.

Characteristic High ACE-2 Expressors
(∆Ct < 5.6), N = 16 1

Low ACE-2 Expressors
(∆Ct ≥ 5.6), N = 13 1 p-Value 2 q-Value 3

Age (years) 86 (77–90) 79 (74–83) 0.072 0.3
Age 0.2 0.4

<82years 6 (38%) 8 (62%)
≥82years 10 (62%) 5 (38%)
Gender 0.3 0.4

Male 8 (50%) 9 (69%)
Female 8 (50%) 4 (31%)

Smokers 2 (14%) 8 (67%) 0.014 0.11
(Missing) 2 1

ACE-2 expression (∆Ct) 3.92 (2.87–4.37) 7.17 (6.10–8.14) <0.001 <0.001
Virus quantity (∆Ct) −2.7 (−5.3–4.0) 4.6 (−1.4–7.6) 0.13 0.4

Disease duration (days) 8 (6–12) 12 (9–24) 0.2 0.4
Comorbidities (overall) 15 (94%) 10 (77%) 0.3 0.4

Hypertension 11 (69%) 6 (46%) 0.2 0.4
Other infections 7 (44%) 4 (31%) 0.7 0.8
Cardiovascular
comorbidities 15 (94%) 10 (77%) 0.3 0.4

Morphological
diagnosis 0.049 0.3

Vascular 9 (56%) 4 (31%)
Mixed 7 (44%) 5 (38%)

ALI 0 (0%) 4 (31%)
Symptoms (overall) 16 (100%) 13 (100%)

Cough 9 (56%) 8 (62%) 0.8 0.8
Dyspnea 13 (81%) 13 (100%) 0.2 0.4

Fever 11 (79%) 10 (77%) >0.9 >0.9
(Missing) 2 0

Intensive care unit
admission 5 (31%) 8 (62%) 0.10 0.3

ACE-2, angiotensin-converting enzyme 2; ALI, acute lung injury; 1 Median (IQR); n (%); 2 Wilcoxon rank sum test; Pearson’s Chi-squared
test; Fisher’s exact test; Wilcoxon rank sum exact test; 3 False discovery rate correction for multiple testing.
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Table 3. Clinical and morphological characteristics of smoker vs. non-smoker patients.

Characteristic Smokers
N = 10 1

Non-Smokers
N = 16 1 p-Value 2 q-Value 3

Age (years) 80 (77–84) 81 (74–87) 0.9 >0.9
Age >0.9 >0.9

<82years 5 (50%) 8 (50%)
≥82years 5 (50%) 8 (50%)
Gender 0.4 >0.9

Male 8 (80%) 9 (56%)
Female 2 (20%) 7 (44%)

ACE-2 expression (∆Ct) 6.15 (5.75–6.97) 4.20 (3.58–5.61) 0.012 0.11
Virus quantity (∆Ct) 4.3 (−0.4–6.8) 3.7 (−3.4–8.7) >0.9 >0.9

ACE-2 expression 0.014 0.11
High (∆Ct < 5.6) 2 (20%) 12 (75%)
Low (∆Ct ≥ 5.6) 8 (80%) 4 (25%)

Disease duration (days) 12 (7–20) 10 (7–24) >0.9 >0.9
Comorbidities (overall) 9 (90%) 14 (88%) >0.9 >0.9

Hypertension 5 (50%) 11 (69%) 0.4 >0.9
Other infections 2 (20%) 8 (50%) 0.2 0.9
Cardiovascular
comorbidities 9 (90%) 14 (88%) >0.9 >0.9

Morphological
diagnosis 0.4 >0.9

Vascular 4 (40%) 8 (50%)
Mixed 3 (30%) 7 (44%)

ALI 3 (30%) 1 (6.2%)
Symptoms (overall) 10 (100%) 16 (100%)

Cough 6 (60%) 9 (56%) >0.9 >0.9
Dyspnea 10 (100%) 14 (88%) 0.5 >0.9

Fever 10 (100%) 11 (73%) 0.12 0.7
(Missing) 0 1

Intensive care unit
admission 5 (50%) 7 (44%) >0.9 >0.9

1 Median (IQR); n (%); 2 Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test; Wilcoxon rank sum exact test; 3 False
discovery rate correction for multiple testing; ACE-2, angiotensin converting enzyme 2; ALI, acute lung injury.

Correlation of real-time PCR data with morphological features showed a significant
higher ACE-2 expression in lungs with a prevalent pattern of vascular injury (56% vs. 31%,
p = 0.049, q = 0.3, Table 2, Figure 5).

Figure 5. Histological lung sections of an index case with prevalent vascular injury (male, 82 years
old, high ACE-2 expressor with ∆Ct = 4.4) that shows a thrombus in a centrilobular arteriolar vessel
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(A, hematoxylin and eosin stain, original magnification ×100) and diffuse capillaritis in the alveolar
septa (B, hematoxylin and eosin stain, original magnification ×200). Histological lung sections
of an index case (male, 76 years old, low ACE-2 expressor with ∆Ct = 8.2) with diffuse alveolar
damage: hyaline membrane deposits along the alveolar walls (C, hematoxylin and eosin stain,
original magnification ×100), foci of squamous metaplasia associated with endoalveolar exudative
material including connective tissue components, fibrin, and fibroblasts (organizing pneumonia) (D,
hematoxylin and eosin stain, original magnification ×100).

4. Discussion

It is crucial to gain greater understanding of the molecular basis for susceptibility to
SARS-CoV-2 infection among different individuals. In particular, it is vital to shed light on
the underlying mechanisms of the possible effect of a lifestyle-related factor such as the
smoking habit on SARS-CoV-2 infection.

In the present study, we found low tissue gene expression of the ACE-2 levels in
smoker patients with severe COVID-19 pneumonia, independently from other variables
such as age, gender, hypertension treatment and virus quantity. The effects of cigarette
smoking and SARS-CoV-2 infection-related lung disease are still a matter of debate in
the literature.

Epidemiological studies continue to fuel conflicting results. While most of the studies
to date have indicated an association between smoking and increased viral infection
susceptibility and worsening of COVID-19 symptoms [24,32–45], also highlighting the
importance of the cumulative pack-year exposure [41], there are several studies that have
observed an inverse relationship between smoking and COVID-19 [44,46–51]. In particular,
smoking prevalence among patients hospitalized with COVID-19 has been reported to
be lower than the smoking prevalence in the general population [46,47,52] and these data
were also confirmed in 132 patients who were admitted to our university hospital [53].

Several mechanistic studies that focused on more careful investigation of the ACE-2
signaling pathway mainly come from in vitro and/or experimental models reporting con-
tradictory results and ambiguous interpretations as well. Indeed, some authors reported
a direct dose-dependent relation between smoking and ACE-2 expression, speculating
that this may increase the susceptibility of smokers and/or COPD patients to SARS-CoV-2
infection [25,54–60]. Indeed, nicotine has been shown to induce airway epithelial expres-
sion of the α7 subtype of nicotine acetylcholine receptors (α7-nAChR), which activates
MAPK/ERK, resulting in ACE-2 overexpression in the same cells [22,25,61–63]. Even if the
precise nAChR subunit identification is difficult, others have also been reported associated
to smoking (i.e., α5, α10, β2 and β3) [64] and some of them also involved in inflammatory
process of lung tissues. Moreover, nicotine increases SARS-CoV-2 replication, transcription
of viral proteins, and cytopathic effects [22,62].

However, most of these interesting studies have been performed in cell lines and
clinical samples from smokers (with or without COPD) not infected by SARS-CoV-2. Thus,
the direct relation between nicotine-induced ACE-2 expression and the susceptibility to the
infection was only speculative.

To the best of our knowledge, the present paper is the first to report a quantification of
ACE-2 mRNA expression in the lung tissue from smokers and non-smokers who died due
to severe COVID-19 pneumonia.

Several experimental findings are in line with the results of our study. Cigarette smoke
(nicotine) may cause structural changes in the ACE-2 genome and this could not only
interfere with SARS-CoV-2 spike protein binding [65] but also with regular gene transcrip-
tion. Nicotine interacts with many components of the RAAS in multiple organs and in
multiple organ systems. In the ACE/AT-II (angiotensin II)/AT1R (angiotensin1 receptor)
arm, nicotine increases the expression and/or activity of renin, ACE, and AT1R, whereas,
in the compensatory ACE-2/angiotensin [6,25,54,55,66–68] arm, nicotine downregulates
the expression and/or activity of ACE-2 and AT2R [54]. ACE-2 knockout mice exposed
to cigarette smoke exhibit increased pulmonary inflammation with activation of metallo-
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proteinases [7] that could, in part, contribute to the inactivation or modification of ACE-2
in the lungs of smokers. A very recent experimental study by Tomchaney et al. showed
that mice exposed to cigarette smoke had decreased ACE-2 levels in bronchial and alveolar
epithelia. Similarly, cigarette smoke-treatment abrogated SARS-CoV-2 replication in the
same cells in vitro [69]. Moreover, although it is possible that cigarette smoke increases
ACE-2 expression in the airway, thus facilitating the entry of SARS-CoV-2, this increase
does not necessarily translate into higher lung parenchymal expression as was instead
found in our study.

In each patient many clinical data, including smoking history, were carefully collected
by the physician (at hospital admission) and included in a shared electronic database
to avoid overlooking important information. Many of our patients (17 out of 29) with
systemic hypertension were treated with anti-hypertensive drugs, which could have had
an impact on ACE-2 gene expression. However, multivariable regression analysis showed
that hypertension is unlikely to have a large effect on the enzyme expression.

Also sex differences seem to be implicated in the severity of COVID-19, as men
have been shown consistently overrepresented in COVID-19 and associated with severe
outcomes, likely due to gender-specific behaviors, genetic and hormonal factors, and
sex differences in biological pathways related to SARS-CoV-2 infection [70,71]. However,
gender was included as covariate in the regression model but no significant differences
were found.

We found also a direct linear relation between ACE-2 expression and SARS-CoV-2
quantity (p = 0.028). In addition, the topic concerning the dynamic interaction between
ACE-2 and SARS-CoV-2 is complex and not yet precisely defined. Several previous papers
had hypothesized that infection with SARS-CoV results in ACE-2 downregulation through
internalization, induced by the binding of SARS-Cov to ACE-2, thus being a process that
could contribute to the severity of lung pathology [72–75]. In contrast, some other studies
showed a dramatic increase in ACE-2 after SARS-CoV infection, suggesting a critical
role of this receptor in viral susceptibility, in line with our results [76,77]. A few studies
have speculated that the high expression of ACE-2 may be related to an immune system
dysfunction, particularly influenced by interferon gamma upregulation produced after
viral entry [16,78–80]. Indeed, it has been shown that ACE-2 is an interferon-induced
gene and that ACE-2 levels in airway epithelial cells dramatically increase during SARS-
CoV-2 infection [76,77]. However, further studies are urgently needed regarding this
complex interplay with focus on both airway and lung parenchyma where the disease is
more severe.

Our finding of high ACE-2 expression in cases with a prevalent morphological pattern
of vascular injury is noteworthy. Consistent vascular lesions, mainly with the features
of endothelialitis, thrombotic microangiopathy, and pulmonary angiogenesis have been
reported as distinctive pathological features of COVID-19 pneumopathy [20–24]. Acker-
mann et al. showed a great number of ACE-2 positive endothelial cells on lung tissues
from COVID-19 autoptic cases, with significant changes in endothelial morphology [81].
Altered endothelial cells and increased vascular bed (neoangiogenesis) in this phenotype
could explain its increased level. Moreover, in this phenotype we have consistently demon-
strated [8,29] a higher viral quantity than in those with prevalent diffuse alveolar damage.
The increased viral quantity could in turn lead to an increase in ACE expression related to
the above-mentioned mechanisms.

The present study has some limitations.
In this paper, we have described the expression of ACE-2 transcripts in mammalian

lungs, but our study does not guarantee that stimuli affecting the levels of ACE-2 mRNA
will have the same effect on the ACE-2 protein. Several papers have documented a strong
correlation between ACE-2 mRNA and protein levels [58,82,83], but one cannot exclude
that ACE-2 protein is differentially expressed in the lung parenchyma. Unfortunately, the
antibodies against ACE-2 do not work in a sensitive and reproducible way.
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We did not analyze upper airway tissues, which are also infected with SARS-CoV-2
and represent the first cellular targets. Future studies in airway and lung parenchyma in
the same patient are ongoing and could be of extreme value to map the complex interaction
ACE-2/SARS-CoV-2 in different anatomic districts.

Even if the deceased patients had a COVID-19 pneumonia of different clinical du-
ration and severity, they can surely represent another clinical phenotype compared to
asymptomatic/pauci-symptomatic or mild forms of COVID-19 pneumonia. Although some
studies have shown the possibility of carrying out biopsies with minimal risk of viral trans-
mission [84], invasive diagnostic procedures involving whatever type of lung sampling
have been discouraged in most centers during the SARSCoV-2 pandemic, including ours.

Another point is that some clinical information was not available, such as cumulative
pack-year exposure and other drug abuse; thus, the potential role of these in the ACE-2
expression has not been investigated. However, as recently highlighted in a research letter
published in JAMA internal medicine, smoking is sometimes imperfectly classified in
medical records and former smokers are potentially classified as never smokers; moreover,
pack-years may be under recorded [41]. Moreover, it is unlikely that our patients (with a
median age of 82 years old) were drug abusers.

In addition, most patients were more than 75 years old; thus, the absence of relation
between ACE-2 expression and age should be confirmed in larger case series, including
younger patients, even if severe forms of COVID-19 rarely occur at this age. Also, the
expression of TMPRSS2, a serine protease that allows the fusion of viral and cell membranes,
should be quantified, for a better understanding of the SARS-CoV-2 entry process.

ACE-2 is one of the principal receptors, however several lesser known receptors and
mediators may be involved in regulating infection risk among individuals, in particular in
smoker patients. High throughput approaches such as transcriptomic/proteomic could
help to better understand this complex biological interaction.

5. Conclusions

A crucial aspect of ongoing efforts to control and mitigate the impact of the COVID-19
pandemic has been to reduce viral transmission among individuals. One of the most
important objectives is to gain greater understanding of the modes of transmission, includ-
ing a more in-depth knowledge of the molecular mechanisms for different susceptibility
to infection.

In summary, we found lower mRNA levels of ACE-2 in lung parenchyma of smoker
compared to non-smoker patients with severe COVID-19 pneumonia. We also found
a high expression of ACE-2 in patients with high viral quantity and more frequent
vascular phenotype.

Our data could support epidemiological findings reporting a higher prevalence of
SARS-CoV-2 infection in non-smokers, but do not give any information about the severity
of the disease. Indeed, despite a lower predisposition of smokers to COVID-19, their
disease course and prognosis could be worst because of several comorbidities that are
commonly associated with smoking habit. This aspect merits further and global studies
with a more careful collection of smoking history (such as pack-years and type of smoking).

It is incontrovertible that cigarette smoking is detrimental to the lungs, causing severe
diseases (e.g., COPD, lung cancer). We would like to be cautious about the messaging
surrounding smoking and COVID-19, especially in these fraught times when messages can
be easily misinterpreted by the general public.

These results point out complex biological interactions between SARS-CoV-2 and
ACE-2, particularly concerning the aspect of smoking habits, and need larger case series
and translation studies.
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