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Abstract  110 
Smoking is one of the risk factors most closely related to the severity of COVID-19. However, the 111 
relationship between smoking history and SARS-CoV-2 infectivity is unknown. In this study, we evaluated 112 
the ACE2 expression level in the lungs of current smokers, ex-smokers, and non-smokers. The ACE2 113 
expression level of ex-smokers who smoked cigarettes until recently (cessation period shorter than 6 months) 114 
was higher than that of non-smokers and ex-smokers with a long history of non-smoking (cessation period 115 
longer than 6 months). We also showed that the efficiency of SARS-CoV-2 infection was enhanced in a 116 
manner dependent on the ACE2 expression level. Using RNA-seq analysis on the lungs of smokers, we 117 
identified that the expression of inflammatory signaling genes was correlated with ACE2 expression. Notably, 118 
with increasing duration of smoking cessation among ex-smokers, not only ACE2 expression level but also 119 
the expression levels of inflammatory signaling genes decreased. These results indicated that smoking 120 
enhances the expression levels of ACE2 and inflammatory signaling genes. Our data suggest that the 121 
efficiency of SARS-CoV-2 infection is enhanced by smoking-mediated upregulation of ACE2 expression 122 
level. 123 
 124 
Keywords: ACE2; COVID-19; inflammation; SARS-CoV-2; smoking. 125 
 126 
Abbreviations: ACE2, angiotensin-converting enzyme 2; COVID-19, coronavirus disease 2019; SARS-127 
CoV-2, Severe acute respiratory syndrome coronavirus 2; TCID50, 50% tissue culture infective doses; 128 
TMPRSS2, transmembrane protease serine 2; COPD, chronic obstructive pulmonary disease;  129 
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1. Introduction 168 
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the genus Betacoronavirus in the 169 

family Coronaviridae is the causative agent of the global pandemic of severe respiratory disease, coronavirus 170 
disease 2019 (COVID-19) 1. The virus was initially discovered in Wuhan, China, in late December 2019 2-4 171 
and has spread worldwide. As of August, 8, 2022, more than 585 million COVID-19 cases have been 172 
confirmed in over 180 countries, and more than six million deaths have been reported 173 
(https://covid19.who.int/). 174 

To enter host cells, SARS coronavirus binds its spike protein to a host cell receptor, ACE2 (angiotensin-175 
converting enzyme 2); a recent study has also reported that SARS-CoV-2 uses ACE2 for cell entry 5. 176 
Moreover, the spike protein needs to be activated and cleaved by host cell enzyme proteases such as 177 
transmembrane protease serine 2 (TMPRSS2) and FURIN 6,7. Upon examining plasma ACE2 during 178 
hospitalization due to COVID-19, elevated baseline plasma ACE2 in COVID-19 patients was significantly 179 
associated with increased disease severity during the hospitalization period 8. Therefore, ACE2 would be a 180 
risk factor for a more serious COVID-19 presentation, and the levels of the above-mentioned proteins 181 
involved in the infectious pathway should have significant implications for clinical outcomes. Identifying the 182 
background of populations with high expression of the ACE2 gene may be important not only for public 183 
health but also for prevention and treatment of COVID-19. 184 

Smoking is one of the risk factors for respiratory infectious disorders, including viral infections 9. 185 
Inflammatory cells infiltrate into the mucosa and glandular tissue due to smoke exposure, which leads to the 186 
excessive production of mucus. This has additional harmful effects, such as epithelial-cell hyperplasia, 187 
prevention of tissue repair, thickened small bronchioles, and emphysema 10. A previous investigation reported 188 
that a significantly higher proportion of patients with a history of smoking exhibited a rapid deterioration in 189 
health during their admission for COVID-19 compared with non-smokers (27% versus 3%, p = 0.018), 190 
suggesting that smoking may have a harmful effect on COVID-19 prognosis 11. Moreover, smoking history 191 
was found to be associated with a severe condition of COVID-19 among young adults 12, and a meta-analysis 192 
revealed that smoking is a risk factor for the progression of COVID-19, with smokers having 1.91 times the 193 
odds of deteriorating COVID-19 severity than never-smokers 13. Biologically, cigarette smoking reportedly 194 
increases the expression of ACE2 in the lower airways 14. Although smoking has been confirmed to confer a 195 
risk of severe COVID-19, the relationship between smoking history and SARS-CoV-2 infectivity is unknown. 196 

In this study, we evaluated the association between smoking history and the ACE2 expression of lung 197 
tissue. We revealed a correlation between the period of smoking cessation and the expression of ACE2. 198 
Virological and mathematical analyses showed that ACE2 expression level is important for the efficiency of 199 
SARS-CoV-2 infection. In addition, RNA-seq analysis showed that the expression of inflammatory signaling 200 
genes also correlates with the period of smoking cessation and ACE2 expression level. These results suggest 201 
that smoking upregulates the ACE2 expression level that is involved in the efficiency of SARS-CoV-2 202 
infection.  203 
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2. Materials and Methods 226 
2.1. Lung tissue sample collection and RT-qPCR 227 

Lung tissue was obtained from patients who underwent surgery at the Department of Surgery and Science, 228 
Graduate School of Medical Sciences, Kyushu University, between January 2013 and December 2019. 229 
Clinicopathological features were examined: sex, blood type, smoking history, and respiratory disease 230 
[chronic obstructive pulmonary disease (COPD) or interstitial pneumonia (IP)]. If the period of smoking 231 
cessation before surgery was less than 6 months, this was categorized into 1-month intervals. Patients who 232 
still smoked or who had a cessation period shorter than 6 months were defined as current smokers, while 233 
patients with a cessation period longer than 6 months were defined as ex-smokers. Clinical information and 234 
follow-up data were obtained from the patients’ medical records. Tissue samples were immediately flash-235 
frozen in liquid nitrogen after resection and stored at −80°C until the preparation of cDNA from RNA 236 
extracted from the samples. Total RNA of lung tissue was extracted using ISOGEN (Nippon Gene Co., Ltd., 237 
Tokyo, Japan, #315-02504). The concentration of total RNA was measured using a DS-11 Series 238 
Spectrophotometer (DeNovix, Wilmington, USA). Total RNA (1 μg) was reverse-transcribed into cDNA 239 
using Super Script III First-Strand Synthesis Super Mix (Invitrogen, Thermo Fisher Scientific, Inc., 240 
Massachusetts, USA, #11752050), in accordance with the manufacturer’s protocol. qPCR was performed 241 
with Applied Biosystems StepOnePlus real-time PCR system (Life Technologies, California, USA). TaqMan 242 
gene expression assays (Applied Biosystems, Massachusetts, USA) for ACE2 (Hs00965485_g1), TMPRSS2 243 
(Hs01122322_m1), and FURIN (Hs00965485_g1) were used, while GAPDH (Hs01122322_m1) was used 244 
as an internal control. Relative expression of ACE2, TMPRSS2, and FURIN was calculated using the ΔΔCT 245 
method. This study was approved by Kyushu University Institutional Review Board for Clinical Research 246 
(2020-807). 247 

 248 
2.2. Statistical analysis and normalization 249 

All assays were performed independently at least two times. The data were summarized in box plots. The 250 
statistical significance of associations of ACE2, TMPRSS2, and FURIN expression levels with clinical 251 
background factors was tested by the Mann–Whitney U-test. The trend for changes of ACE2 expression 252 
levels with increasing duration of smoking cessation was tested by the Jonckheere–Terpstra test. 253 

 254 
2.3. Cells 255 

TMPRSS2-expressing Vero E6 (VeroE6/TMPRSS2) cells were obtained from the Japanese Collection of 256 
Research Bioresources Cell Bank (JCRB1819) and maintained in low-glucose Dulbecco’s Modified Eagle’s 257 
Medium (low-glucose DMEM) (Sigma-Aldrich, St. Louis, USA, #D6046) containing 10% fetal bovine 258 
serum (FBS) (Biowest, Bradenton, France, #S1810) and G418 (Nacalai Tesque, Kyoto, Japan, #09380-44). 259 
The HEK293-3P6C33 (HEK293/tet-ACE2) cells15 were a gift from Dr. Matsuura at Osaka University, and 260 
maintained in high-glucose Dulbecco’s Modified Eagle’s Medium (Nacalai Tesque, #08459-35) containing 261 
10% FBS and blasticidin (solution) (10 μg/ml) (Invivogen, California, USA, #ant-bl-1), and the exogenous 262 
expression of ACE2 and TMPRSS2 was induced by the addition of doxycycline hydrochloride (1 μg/ml) 263 
(Sigma-Aldrich, #D5207). All of the above cells were cultured at 37°C under 5% CO2. 264 

 265 
2.4. Plasmids 266 

Full-length cDNAs for TMPRSS2 were amplified by PCR from a cDNA library derived from HEK293/tet-267 
ACE2 cells. The PCR fragment was cloned into the pCSII-EF-based vector with a C-terminal HA tag. This 268 
expression vector was used for experiments after verification of the sequence of inserted DNA. 269 

 270 
2.5. SARS-CoV-2 preparation and titration 271 

B1.1 (GISAID ID: EPI_ISL_408667), B.1.1.7 variant (GISAID ID: EPI_ISL_804007), B.1.351 variant 272 
(GISAID ID: EPI_ISL_1122890), and P.1 variant (GISAID ID: EPI_ISL_833366) were obtained from the 273 
National Institute of Infectious Diseases. All viruses were amplified in VeroE6/TMPRSS2 cells and the 274 
culture supernatants were harvested and stored at −80℃ until use. The infectious titers in the culture 275 
supernatants were determined by the 50% tissue culture infective doses (TCID50). The culture supernatants 276 
of cells were inoculated onto VeroE6/TMPRSS2 cells in 96-well plates after 10-fold serial dilution with 277 
DMEM containing 2% FBS, and the infectious titers were determined at 72 h post-infection (hpi). All 278 
experiments involving SARS-CoV-2 were performed in biosafety level-3 laboratories, following standard 279 
biosafety protocols approved by Hokkaido University. 280 

 281 
2.6. SARS-CoV-2 infection 282 

HEK293/tet-ACE2 cells (200,000 cells) treated with 0.05–1000 ng/ml doxycycline for 24 h were seeded 283 
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into a 12-well plate. One day prior to infection, TMPRSS2-HA was transfected into the cells with Trans IT 284 
LT-1 (Mirus, Wisconsin, USA, #MIR2306), following the manufacturer’s protocol. Twenty-four hours later, 285 
SARS-CoV-2 was inoculated and incubated at 37℃ for 1 h. The cells were washed and new culture medium 286 
was added. After 18~19 h of incubation, the infected cells were harvested and subjected to western blotting 287 
and RT-qPCR. 288 

 289 
2.7. Human lung tissue extracts 290 

Human lung tissue (~10 mg) was ground using BioMasher II (Nippi, Tokyo, Japan, #320203) in RIPA 291 
buffer containing 50 mM Tris-HCL pH 7.6, 150 mM NaCl, 1% TritonX-100, 0.5% sodium deoxycholate, 292 
0.1% SDS, 1 mM EDTA, 10 mM NaF, and 25 µM MG-132. The lysates were kept on ice for 30 min and 293 
sonicated using Bioruptor® II (Sonicbio Co., Ltd., Nagoya, Japan). After centrifugation at 10,000 g for 20 294 
min at 4℃, the supernatants were mixed with SDS sample buffer (Bio-Rad, Callfornia, USA, #1610737). 295 

 296 
2.8. Western blotting 297 

Whole-cell lysates or the lung extracts were subjected to SDS-PAGE and transferred onto polyvinylidene 298 
fluoride transfer membranes (Millipore, Massachusetts, USA, #IPVH00010). The membranes were then 299 
immunoblotted with specific antibodies as indicated and subsequently incubated with horseradish 300 
peroxidase-conjugated antibody against mouse or rabbit immunoglobulin (Jackson ImmunoResearch 301 
Laboratories, Pennsylvania, USA, #115-0035-003 and #111-035-003), followed by detection with ECL 302 
western blotting detection reagents (Cytiva, Massachusetts, USA, #RPN2106). The following antibodies 303 
were used in this study: anti-SARS-CoV Nucleoprotein (Sino Biological, Beijing, China, #40143-MM05), 304 
anti-ACE2 (Proteintech, Rosemont, USA, #21115-1-AP), anti-GAPDH (Wako, Osaka, Japan, #NBP2-305 
27103H) and anti-HA (BioLegend, SanDiego, USA, #902301). 306 

 307 
2.9. RT-qPCR from cell 308 

Total RNA was extracted from the SARS-CoV-2-infected cells using a RNeasy Mini Kit (QIAGEN, 309 
#74104). The sample was used as the template for RT-qPCR performed in accordance with the manufacturer’s 310 
protocol using the One Step PrimeScriptTM III RT-qPCR Mix (Takara, #RR600B) and the following primers 311 
and probe: Forward, 5′-CAC ATT GGC ACC CGC AAT C-3′; Reverse, 5′-GAG GAA CGA GAA GAG GCT 312 
TG-3′; Probe, FAM-ACT TCC TCA AGG AAC AAC ATT GCC A-BHQ. These primers target the 313 
nucleocapsid gene of SARS-CoV-2. Fluorescent signals were acquired using a StepOnePlusTM Real Time 314 
PCR System (Applied Biosystems). 315 

 316 
2.10. Quantifying viral RNA corresponding to ACE2 expression level 317 
We evaluated the dependence of viral RNA replication on ACE2 expression using the Hill function: 318 

𝑉𝑉 =
1

1 + � 𝐴𝐴
𝐸𝐸𝐸𝐸50

�
−𝑚𝑚 ,                                         (1) 319 

where 𝑉𝑉 is the amount of viral RNA normalized by the maximum viral RNA for each strain, 𝐴𝐴 is the ACE2 320 
expression level, 𝐸𝐸𝐸𝐸50 is the ACE2 expression level that achieves 50% of maximum expressed viral RNA, 321 
and 𝑚𝑚  is the Hill coefficient (corresponding to the steepness of the curve). We used the least-squares 322 
regression approach to fit Eq. (1) to viral RNA data and estimated the values of 𝐸𝐸𝐶𝐶50 and 𝑚𝑚. 323 

 324 
2.11. Non-negative matrix factorization 325 

To extract representative patterns of expression profiles and investigate the relationship between these 326 
patterns and clinical background, we used non-negative matrix factorization (NMF) for RNA-seq data of 23 327 
normal lung tissues. We first selected the top 8,000 genes ranked by variance in read counts. In NMF, for the 328 
given expression matrix 𝑋𝑋 for 23 samples and 8,000 genes, we sought matrices 𝑊𝑊 and 𝐻𝐻 such that 329 

𝑋𝑋 ≈ 𝑊𝑊𝑊𝑊 330 
where 𝑊𝑊 is a 23 × 𝑘𝑘 contribution matrix, 𝐻𝐻 is a 𝑘𝑘 × 8,000 excitation matrix, and 𝑘𝑘 is the number 331 

of factors. NMF generates factors with significantly reduced dimensions compared with the original matrix. 332 
The key property of NMF is that 𝑊𝑊 and 𝐻𝐻 are constrained to be positive matrices. The (𝑛𝑛, 𝑙𝑙)-element 333 
𝑤𝑤𝑛𝑛,𝑙𝑙 of matrix 𝑊𝑊 can be interpreted as the contribution to factor 𝑙𝑙 of sample 𝑛𝑛, and the (𝑙𝑙,𝑘𝑘)-element 334 
ℎ𝑙𝑙,𝑘𝑘 of matrix 𝐻𝐻 can be interpreted as the relative abundance of the 𝑘𝑘-th gene given factor 𝑙𝑙. In our analysis, 335 
W and H are estimated using a variational Bayesian inference 16 and the number of factors was selected by 336 
the evidence lower bound (ELBO). 337 

 338 
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2.12. Pathway enrichment analysis 339 
To identify key pathways that are related to each factor in NMF, pathway enrichment analysis using 340 

Fisher’s exact test was performed on the top 500 genes for each factor ranked by coefficients, as supplied by 341 
columns of 𝑊𝑊 . The gene lists of 321 pre-annotated pathways collected from KEGG 342 
(http://www.genome.jp/kegg/) were used for enrichment analysis and pathways with a p-value < 10−5 were 343 
selected as significant. 344 

 345 
 346 
 347 
 348 
 349 
 350 
 351 
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 357 
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 360 
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3. Results 397 
3.1. ACE2 expression level is associated with smoking 398 

To investigate the associations of ACE2, TMPRSS2, and FURIN expression with clinical background, we 399 
analyzed the expression levels of these genes by RT-qPCR using normal human lung tissues. We tested ACE2 400 
(Hs00965485_g1, Applied Biosystems), TMPRSS2 (Hs01122322_m1, Applied Biosystems), FURIN 401 
(Hs00965485_g1, Applied Biosystems), and GAPDH (Hs01122322_m1, Applied Biosystems) expression 402 
levels, and it was confirmed that the expression of these target genes could be measured by the ΔΔCT method. 403 
Samples with a GAPDH CT value less than 28 were included in this analysis. Finally, 245 patients whose 404 
normal lung tissues were sampled from 2013 to 2018 were enrolled in this study. The expression level of 405 
ACE2 was not associated with other clinical background factors apart from smoking and COPD/IP. However, 406 
the ACE2 expression of smokers was significantly higher than that of non-smokers (p=0.00272) (Figure 1A), 407 
while the ACE2 expression of current smokers was higher than that of ex-smokers (p=0.00011, Figure 1B), 408 
which was consistent with previous results17. Moreover, the expression showed a statistically significant 409 
decrease with increasing duration of smoking cessation (p<0.0001, Figure 1C and Figure S1). Of the 184 410 
patients with a history of smoking, one patient was excluded because the duration of smoking cessation was 411 
unknown. Our results demonstrated that current smokers had higher expression of ACE2 than ex-smokers 412 
and the long period of smoking cessation might decrease ACE2 expression in normal lung tissue. Meanwhile, 413 
TMPRSS2 and FURIN expression was not associated with clinical factors, including smoking status, except 414 
for FURIN expression differing between females and males (Figure 1D and 1E). These results indicate that 415 
ACE2 may be the protein that is most associated with smoking. 416 

 417 
3.2. ACE2 expression level is important for the efficiency of SARS-CoV-2 infection 418 

Although ACE2 is a receptor for SARS-CoV-2 infection, it is not yet clear to what extent ACE2 expression 419 
levels affect virus propagation. To clarify whether differences of ACE2 expression levels affect the infectivity 420 
of SARS-CoV-2, SARS-CoV-2 infectivity to HEK293 cells expressing ACE2 at various levels was examined. 421 
First, we established HEK293 cells in which ACE2 expression could be induced with doxycycline 422 
(HEK293/tet-ACE2)15. Moreover, HA-tagged TMPRSS2 was expressed in HEK293/tet-ACE2 cells (Figure 423 
S2). The expression levels of ACE2 depended on the concentration of doxycycline added to the supernatant 424 
of HEK293/tet-ACE2. At 1 day after treatment with tetracycline, D614G-bearing B.1.1 isolate (GISAID ID: 425 
EPI_ISL_408667), B.1.1.7 variant (GISAID ID: EPI_ISL_804007), B.1.351 variant (GISAID ID: 426 
EPI_ISL_1122890), and P.1 variant (GISAID ID: EPI_ISL_833366) were used to infect HEK293 cells 427 
expressing ACE2 at various levels. As the expression level of ACE2 increased, N protein levels in the cells 428 
were increased (Figure 2A). Moreover, viral RNA in the cells were also increased in a manner dependent on 429 
the level of ACE2 expression (Figure 2B). These results suggest that high expression of ACE2 contributes to 430 
the efficient propagation of SARS-CoV-2. Interestingly, low expression of ACE2 facilitated replication of 431 
B1.1.7, B.1.351, and P.1 variants, compared with that of the B1.1 isolate, suggesting that the spike protein of 432 
the variants can bind ACE2 more efficiently than that of B1.1 (Figure 2B). Many reports have shown that 433 
N501Y in these variants enhances the efficiency of binding between spike protein and ACE218-20. To confirm 434 
that the expression level of ACE2 in normal human lung tissue falls within the range of ACE2 protein levels 435 
induced by doxycycline, we quantified the ACE2 protein levels of six human lung tissues. ACE2 expression 436 
was normalized using GAPDH. We found that the normalized ACE2 expression level was 0.330–0.769 in 437 
human lung tissues (Figure 2C). As shown in Fig. 2A, the expression level of ACE2 protein induced by 438 
doxycycline was 0.072–1.759, indicating that the ACE2 expression level in the doxycycline-treated cells 439 
included the range of that in human lung tissue. Next, to further clarify the effect of ACE2 expression level 440 
on the replication of SARS-CoV-2, we first quantified the maximum level of viral RNA for each strain: P.1 441 
variants showed a higher level of viral RNA (9.2 × 106) than the other variants (B1.1.7: 6.0 × 106, B1.1: 442 
3.7 × 106, B1.1.7: 2.5 × 106). To evaluate the dependence of viral RNA replication on ACE2 expression, 443 
we normalized the viral RNA by its maximum level (Figure 2D) and fitted the Hill function [see Eq. (1) in 444 
Materials and Methods for details]. Compared with other variants, we found that the B1.1 isolate showed the 445 
highest 𝐸𝐸𝐶𝐶50 and the lowest 𝑚𝑚 (Figure 2E). This implies that B1.1.7, B.1.351, and P.1 variants replicate 446 
their viral RNA more efficiently than the B1.1 isolate at the same ACE2 expression level.  447 

 448 
3.3. Identification of pathways involved in ACE2 expression in human lung 449 

To identify representative patterns of gene expression profiles in human normal lung tissues and to 450 
investigate the association between ACE2 expression and clinical background, we performed non-negative 451 
matrix factorization on the gene expression matrix of 23 normal lung tissue samples and 8,000 genes. Six 452 
representative factors were selected to maximize the evidence lower bound (ELBO), and their contributions 453 
to each sample are shown in Figure 3a. Among the six factors, factors 3 and 4 were significantly correlated 454 
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with ACE2 expression (Figure 3B). Pearson’s correlation coefficients of factors 3 and 4 for ACE2 were 0.546 455 
and 0.608, and their significance levels were p=0.0071 and p=0.0021, respectively. We also found that the 456 
scores of factors 3 and 4 tended to be higher with a shorter duration of smoking cessation (Figure 3C). 457 
Furthermore, we investigated pathways enriched in relation to factors 3 and 4 using Fisher’s exact test (Figure 458 
3D). We showed that factor 4 was associated with immune-related pathways such as TNF signaling and IL-459 
17 signaling, and infectious disease-related pathways such as human papillomavirus, Kaposi sarcoma-460 
associated herpesvirus, salmonella, human cytomegalovirus, influenza A, and malaria. Among the six 461 
representative patterns of gene expression profiles, the results summarized that two were related to ACE2 462 
expression and the duration of smoking cessation, and one was associated with immunity- and infection-463 
related molecular pathways. 464 
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4. Discussion 513 
 Smoking is considered to be one of the risk factors for severe COVID-19. Indeed, smoking has been 514 
reported to increase the mortality rate and severity of COVID-19 21. The WHO has also indicated that 515 
smoking is a factor in the severity of SARS-CoV-2 infections. However, despite the clear involvement of 516 
smoking in SARS-CoV-2 infection, many unanswered questions remain regarding how the extent and 517 
duration of smoking affect SARS-CoV-2 infection. In this study, we found that the expression level of ACE2 518 
was significantly increased in smokers (Figure 1A). In addition, the ACE2 expression of current smokers was 519 
higher than that of ex-smokers (Figure 1D). Meanwhile, we found no differences of TMPRSS2 and FURIN 520 
expression levels between smokers and non-smokers (Figure 1B and C). These results suggest that smoking 521 
enhances the efficiency of SARS-CoV-2 infection through increased expression of ACE2. In fact, the 522 
efficiency of SARS-CoV-2 infection increased in a manner dependent on the level of ACE2 expression 523 
(Figure 2A and B). Moreover, as a result of mathematical analysis of the dependence of viral RNA replication 524 
on ACE2 expression, we found that B1.1.7, B.1.351, and P.1 variants tended to propagate more efficiently 525 
than B.1.1 at the same ACE2 expression level (Figure 2D and E). This could indicate one of the reasons why 526 
B1.1.7, B.1.351, and P.1 variants spread more rapidly throughout the world. In addition, we identified two 527 
groups of genes that correlate with ACE2 expression using RNA-seq (Figure 3A and B). The duration of 528 
smoking cessation as well as ACE2 expression was associated with the upregulation of Factor 4, which is 529 
related to inflammation (Figure 3C). Although the genes comprising Factor 3 have various functions, the 530 
genes of Factor 4 are associated with inflammatory signaling (Figure 3D). These results suggest that there is 531 
a relationship between ACE2 expression and inflammatory signaling. 532 
 Many papers have reported on the association between smoking and ACE2 expression 14,17,22-28. Some 533 
papers also reported that nicotine downregulates the expression level of ACE2 in certain tissues and cell types 534 
23-25,27. However, in this study, we observed that the ACE2 expression level was upregulated in current 535 
smokers. This discrepancy may have been due to the use of nicotine in previous studies. Tobacco contains 536 
many chemical substances, so substances other than nicotine may be involved in inflammation and ACE2 537 
expression. Smith et al. reported that the ACE2 expression level is upregulated in lung tissue of COPD 538 
patients as well as smokers. Consistent with this report, we showed that not only smoking but also COPD 539 
increased ACE2 expression levels in the lung. In several reports, COPD was identified as a risk factor for 540 
severe COVID-19 29. Therefore, COPD may also enhance the efficiency of SARS-CoV-2 infection and the 541 
severity of COVID-19 via increased expression of ACE2.  542 
 To understand the mechanism behind the effects of upregulated ACE2, we performed transcriptomic 543 
analysis to identify the gene expression patterns correlated with ACE2 expression (Figure 3B). Factor 4 544 
contains multiple pathways related to immune response, suggesting that ACE2 expression is influenced by 545 
immune response. In fact, one study has reported that INF-α, INF-β, and INF-γ treatment increased ACE2 546 
expression in tracheal cells 17. Moreover, cigarette smoke is an inflammatory substance and smokers tend to 547 
exhibit increases in inflammatory markers 17,30,31. These findings suggest that inflammatory signaling induced 548 
by smoking is associated with the upregulation of ACE2. In the current study, we showed that the ACE2 549 
expression level of current smokers was higher than that of ex-smokers (Figure 1D). Moreover, with 550 
increasing duration of smoking cessation, the ACE2 expression level was downregulated (Figure 1E). These 551 
results may indicate that the ACE2 expression level decreases due to the alleviation of lung inflammation 552 
resulting from smoking cessation.  553 
 A variety of SARS-CoV-2 variants have been found globally. Among them, the WHO defined B1.1.7, 554 
B1.351, and P.1 as variants of concern, and named them alpha, beta, and gamma strains, respectively. The 555 
spike proteins of these variants have the N501Y mutation in common. It has been reported that the presence 556 
of this mutation may increase the efficiency of infection due to enhanced binding to ACE2 32. In this study, 557 
the infectivity of SARS-CoV-2 was enhanced in a manner dependent on ACE2 expression, and the infection 558 
ratios were efficiently established in these mutations at the same ACE2 expression level compared to the 559 
conventional strain (Figure 2A and B). The current data support the finding that N501Y mutation increases 560 
the binding of ACE2 to the spike protein of SARS-CoV-2. However, because clinical isolates were used in 561 
this study and other mutations may increase the efficiency of infection, detailed analysis using recombinant 562 
SARS-CoV-2 with N501Y mutation will be needed in the future. 563 
 In summary, we provide evidence that the expression levels of ACE2 and inflammatory signaling genes are 564 
elevated in the lungs of current smokers and ex-smokers with a short period of smoking cessation. Moreover, 565 
increased ACE2 expression level is associated with elevated infectivity of SARS-CoV-2. These findings 566 
suggest that smoking history may be associated with the infectivity of SARS-CoV-2. An interesting challenge 567 
for the future will be to determine the detailed molecular pathway behind the upregulation of ACE2 induced 568 
by smoking and inflammation.  569 
 570 
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Figure legends 571 
Figure 1. 572 
Expression of ACE2, TMPRSS2, and Furin in human lung tissues 573 
Box plots of gene expression of (A) ACE2, (D) TMPRSS2, and (E) FURIN in normal lung tissue in association 574 
with clinical factors. The expression levels of ACE2 were significantly different between smokers and non-575 
smokers (Mann–Whitney U-test, p=0.00272), and between non-COPD/IP and COPD/IP sufferers (Mann–576 
Whitney U-test, p=0.00342). No significant difference was found in the expression levels of TMPRSS2. The 577 
expression level of FURIN was significantly different between women and men (Mann–Whitney U-test, 578 
p=0.00496). (B) A box plot of the expression of ACE2 among smokers. The expression level was significantly 579 
higher in current smokers (cessation period shorter than 6 months) than in former smokers (cessation period 580 
longer than 6 months); Mann–Whitney U-test, p = 0.00011. (C) A box plot of the expression of ACE2 with 581 
the period of smoking cessation. The expression of ACE2 tended to decrease with increasing duration of 582 
smoking cessation. Jonckheere–Terpstra test, p < 0.0001. 583 
 584 
Figure 2. 585 
ACE2 expression level is important for the efficiency of SARS-CoV-2 infection 586 
(A) Dependence of the infection efficiency of SARS-CoV-2 on the expression level of ACE2. HEK293/tet-587 
ACE2 cells were transfected with HA-tagged TMPRSS2. After 24h of transfection, TMPRSS2 expressing 588 
HEK293/tet-ACE2 cells were treated with various concentrations of doxycycline for 24 h. The cells were 589 
infected with SARS-CoV-2 (MOI=1). After 18 h of infection, the cell lysate was blotted with anti-ACE2, 590 
anti-N, anti-HA, and anti-GAPDH antibodies. (B) Involvement of ACE2 expression in the infection of 591 
various SARS-CoV-2 variants. HEK293/tet-ACE2 cells expressing HA-tagged TMPRSS2 with doxycycline 592 
treatment were infected with SARS-CoV-2 variants (MOI=1). After 19 h of infection, RNA was isolated from 593 
the cells and viral RNA was quantified by RT-PCR. The amount of viral RNA was normalized by dividing 594 
by the amount of minimum viral RNA in the doxycycline treatment or non-treatment. (C) The expression 595 
level of ACE2 in human lung tissue. The lysates from eight human normal lungs were blotted with anti-596 
ACE2 and anti-GAPDH antibodies. Lower numbers represent the expression level of ACE2 normalized by 597 
the expression level of GAPDH. (D) The closed dots and solid line correspond to the observed data and the 598 
best-fit solution for Eq. (1). (E) Estimated values of 𝐸𝐸𝐸𝐸50 and 𝑚𝑚 are shown. 599 
 600 
Figure 3. 601 
Relationships between six factors identified by non-negative matrix factorization and ACE2 expression, 602 
duration of smoking cessation, and pathways  603 
(A) Heatmap of the 23 × 6 contribution matrix 𝑯𝑯 estimated by non-negative matrix factorization and ACE2 604 
expression. The six factors were selected to maximize the ELBO. Each row represents the contribution of 605 
the six factors for each sample. (B) Scatter plots of the third and fourth factor scores (x-axis) and ACE2 606 
expression (y-axis). The line represents the prediction line for linear model fitting, and the filled colors 607 
represent the confidence interval. (C) Boxplots of the third and fourth factor scores for non-smokers and 608 
smokers with three durations of smoking cessation (> 6 months, 1 month to < 6 months, and < 1 month). (D) 609 
Significantly enriched pathways of the third and fourth factors. The x-axis represents −log10(p-value) of 610 
Fisher’s exact test, while the y-axis represents the pathway name. 611 
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