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Neal L Benowitz, Maciej L Goniewicz, Bonnie Halpern-Felsher, Suchitra Krishnan-Sarin, Pamela M Ling, Richard | O’Connor, Mary Ann Pentz,

Rose Marie Robertson, Aruni Bhatnagar

Heterogeneity in the clinical presentation of SARS-CoV-2 infection and COVID-19 progression underscores the
urgent need to identify individual-level susceptibility factors that affect infection vulnerability and disease severity.
Tobacco product use is a potential susceptibility factor. In this Personal View, we provide an overview of the findings
of peer-reviewed, published studies relating tobacco product use to SARS-CoV-2 infection and COVID-19 outcomes,
with most studies focusing on cigarette smoking in adults. Findings pertaining to the effects of tobacco product use
on the incidence of SARS-CoV-2 infection are inconsistent. However, evidence supports a role for cigarette smoking
in increasing the risk of poor COVID-19 outcomes, including hospital admission, progression in disease severity, and
COVID-19-related mortality. We discuss the potential effects of tobacco use behaviour on SARS-CoV-2 transmission
and infection, and highlight the pathophysiological changes associated with cigarette smoking that could promote
SARS-CoV-2 infection and increased disease severity. We consider the biological mechanisms by which nicotine and
other tobacco product constituents might affect immune and inflammatory responses to SARS-CoV-2 infection.
Finally, we identify current knowledge gaps and suggest priorities for research to address acute and post-acute health

outcomes of COVID-19 during and after the pandemic.

Introduction

Despite vaccination and social precautions, SARS-CoV-2
continues to spread, particularly in areas with low
vaccination rates. Similar to influenza, COVID-19 might
become endemic as infections spread around the globe,
but not all individuals are equally susceptible to
SARS-CoV-2 infection or disease. Early data on disease
susceptibility showed that individuals of advanced age
and those with hypertension, obesity, diabetes, or chronic
obstructive pulmonary disease (COPD) have more severe
symptoms and require more intensive medical care than
do younger individuals or those without pre-existing
conditions.”” In view of the strong association with
pulmonary disease, cigarette smoking is considered to be
a likely susceptibility factor for poor COVID-19
outcomes. The use of other tobacco and nicotine
products has also been posited as a risk factor. However,
more than 2 years after the pandemic began, the
relationship between tobacco, nicotine, and COVID-19
remains unclear or contradictory.

Extensive previous research has shown that smoking
induces substantial lung injury. Harmful substances in
tobacco smoke damage the lung epithelium as well as the
pulmonary vascular endothelium. Damage to epithelial
cells compromises the epithelial barrier and mucociliary
clearance. Modified molecules released by injured cells
activate specific receptors in the lung that activate both
innate and acquired immune responses.’ Therefore, since
the beginning of the COVID-19 pandemic, there has been
a keen interest in understanding whether smokers are
more susceptible to SARS-CoV-2 infection and, when
infected, whether they are at increased risk of more
serious clinical outcomes than non-smokers. A study
of Middle East respiratory syndrome coronavirus

(MERS-CoV) infection found that the case fatality rate
among smokers was double that of non-smokers.®
Smoking and the use of other tobacco products might
therefore be expected to affect SARS-CoV-2 infection and
COVID-19 outcomes.

Given the overwhelming number of infections and the
severity of illness among patients with COVID-19 during
the pandemic, systematic and detailed assessment of
tobacco use has often been unfeasible as those providing
clinical care have focused on the immediate challenges of
managing large numbers of critically ill patients. However,
numerous clinical questions have been raised in relation
to the use of tobacco products—including electronic
nicotine-delivery systems—and COVID-19, including, but
not limited to, the question of whether tobacco users have
different susceptibility to infection and get tested at
different rates; whether they have higher propensity for
symptomatic infection, greater risk of severe disease or
mortality, or more severe or prolonged post-acute sequelae
of COVID-19; and whether they have different responses
to vaccination. Understanding the impact of tobacco and
nicotine use on COVID-19—including the behavioural
and biological mechanisms by which tobacco product use
affects susceptibility to infection, development and course
of disease (including underlying inflammatory and
immune responses), and interactions with medications—
and identifying specific modifiable risk factors could have
implications for both the development of public health
recommendations and the clinical care of patients infected
with SARS-CoV-2. In addition, tobacco use will be
increasingly relevant as the pandemic evolves and we
consider the course of recovery after SARS-CoV-2
infection; for example, does SARS-CoV-2 infection trigger
changes in the body that increase the risk of conditions
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such as chronic lung, heart, or brain disorders, which are
also affected by tobacco use?

As for investigations of any emerging disease, early
studies are frequently based on inherently limited clinical
series or public health data, but a growing body of
research is now addressing the effects of tobacco use on
SARS-CoV-2 infection and COVID-19 outcomes. In this
Personal View, we evaluate evidence for the effects of
tobacco product use on COVID-19 incidence and
outcomes, including disease progression and severity, as
well as changes in tobacco use behaviour during the
pandemic. We highlight pathophysiological changes
associated with cigarette smoking that could affect
COVID-19 incidence and severity, and we outline
biologically plausible mechanisms that might link
nicotine and other constituents of tobacco products to
SARS-CoV-2 infection susceptibility and the clinical
sequelae of COVID-19. Finally, we identify current
knowledge gaps and provide recommendations for
future research.

Links between tobacco use and COVID-19:
epidemiological evidence

We reviewed 236 epidemiological studies of tobacco use
and COVID-19 published from the start of the COVID-19
pandemic to Aug 30, 2021. These epidemiological studies
included evidence from many countries—but most
frequently from China, the UK, and the USA—and were
based mainly on data from clinical or health-care
systems, although a few population-based studies had
been done (see appendix pp 3-6; epidemiological studies
are organised by COVID-19 disease stage, and according
to whether associations were reported in multivariable or
univariate models or as frequencies). Sample sizes of
these studies ranged from 39 to more than 7278000.
Most examined cigarette smoking, and only a few
reported information on the use of e-cigarettes’" or other
tobacco products, such as smokeless tobacco™* or
hookah." Because there were only a few epidemiological
studies on non-cigarette tobacco products, we cannot
comment on the relationships between use of tobacco
products other than cigarettes and COVID-19.

Incidence of SARS-CoV-2 infection

We identified conflicting evidence for the effects of
cigarette smoking on the incidence of SARS-CoV-2
infection (appendix pp 3-6). Specifically, we identified
12 multivariable and eight univariate or frequency-
reporting studies that found a positive effect of cigarette
smoking on SARS-CoV-2 infection rates, and 14 multi-
variable and 12 univariate or frequency-reporting studies
that found a negative effect. In addition, we found seven
multivariable studies that did not find any association.
Many studies did not control for relevant confounding
factors such as comorbidities, symptoms, or access to
care, and most lacked detailed measures of smoking
status such as smoking history or frequency of smoking.
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Key messages

+  Results from epidemiological studies of the effects of
cigarette smoking on SARS-CoV-2 infection are
conflicting, and further research is needed to establish
whether or not smoking affects susceptibility to
SARS-CoV-2 infection

+  Smokers are at greater risk of developing severe disease
following SARS-CoV-2 infection than are non-smokers,
with an increased risk of hospital admission, ICU
admission, and death; evidence for the effects of other
tobacco products, including electronic nicotine-delivery
systems, on COVID-19 incidence or progression is lacking

+ Mechanisms underlying the association between cigarette
smoking and more severe disease might include
upregulation of ACE2 receptors, immune suppression,
oxidative stress, inflammation, and vascular injury;
cigarette smoking increases the risk of chronic lung disease,
cardiovascular disease, and diabetes, which are associated
with poorer outcomes in SARS-CoV-2-infected individuals

+ Sharing of tobacco products could lead to SARS-CoV-2
transmission; environments in which users or bystanders
are exposed to second-hand smoke and e-cigarette
aerosols or spitting might also increase the risk of
SARS-CoV-2 transmission

+ The COVID-19 pandemic has led to changes in patterns of
tobacco use, with some people decreasing and others
increasing or maintaining use of tobacco; long-term
follow-up is needed to establish whether or not the
pandemic has promoted tobacco cessation and lasting
abstinence among those who expressed an intention
to quit

+ Research is needed to establish the impact of nicotine and
non-nicotine constituents of tobacco products on the risk
of COVID-19, including effects on immune and
inflammatory responses to SARS-CoV-2; evidence from
preclinical studies suggests that nicotine might exert an
anti-inflammatory effect, but there is insufficient
epidemiological or experimental evidence to support the
assertion that nicotine might decrease the
hyperinflammatory response in people with COVID-19

ACE2=angiotensin-converting enzyme 2. ICU=intensive care unit.

One intriguing study conducted in a controlled setting
that performed SARS-CoV-2 tests and assessed smoking
status for all who participated (rather than for only those
with symptoms) was a study of an outbreak of COVID-19
on a French Navy aircraft carrier.® All crew members
were tested and multivariable models included age, sex,
and Dbody-mass index, but not comorbidities or
medication use. The study reported that of the 76% of the
crew who became infected, 48% were current cigarette
smokers, and the odds ratio (OR) for infection among
current smokers versus former smokers and never-
smokers was 0-59 (95% CI 0-45-0-78; p<0-001).
Although the odds of infection were significantly lower

See Online for appendix
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in smokers, 45% of those infected were smokers,
suggesting that smoking did not offer complete
protection. A limitation of this study is that the crew were
young and healthy, and the findings might not, therefore,
be generalisable to other populations of smokers.
Interestingly, another aircraft carrier study that was
conducted in a similar controlled environment and tested
the whole population did not report any associations
between tobacco and nicotine use and SARS-CoV-2
infection.” Furthermore, although outside the scope of
our review to Aug 30, 2021, a recent retrospective cohort
study of more than 2-4 million adults, of whom
44270 developed SARS-CoV-2 infection, found that
compared with never-smokers, current smokers had a
significantly lower adjusted rate of infection (adjusted
hazard ratio [HR] 0-64, 95% CI 0-61-0-67). Infection
rates were also slightly lower in former smokers than in
never-smokers (0-96, 0-94-0-99)."® Despite these few
positive studies, as indicated above, our review identified
many studies suggesting that smoking was not protective
against COVID infection, in addition to many that
indicated that it was protective, so the evidence remains
conflicting (see appendix pp 3-6). It is also important to
note that almost all the epidemiological studies were
limited to adult participants, which limits our ability to
comment on younger populations. We found only one
study that focused on adolescents and young adults,
which reported a five-times or more increased likelihood
of a COVID-19 diagnosis among ever-users of e-cigarettes
only (OR 5-05, 95% CI 1-82-13-96), ever-users of both
e-cigarettes and cigarettes (6-97, 1-98-24.55), and past
30-day users of both e-cigarettes and cigarettes (6-84,
2-40-19-55).

COVID-19 outcomes

Owing to the challenges of conducting research in the
context of caring for huge numbers of critically ill
patients during the pandemic, most studies on the
contribution of smoking to COVID-19 outcomes have
reported only crude descriptive information on tobacco
use, such as ever-smoking or never-smoking, or classified
participants as current, former, or never-smokers, and
have not included definitions for these terms or specific
frequencies of use. Moreover, only a few studies have
reported differences in COVID-19-related outcomes
according to current versus past smoking status or
duration of abstinence in past smokers. Four studies"?
provided more detailed quantitative information on
smoking. One of these was a retrospective case study of
954 patients admitted to Wuhan Red Cross Hospital,
Wuhan, China, with PCR-confirmed COVID-19 between
December 2019 and March 2020, which assessed current
and past smoking, pack-years of smoking, and length of
smoking history.” This study reported a significantly
increased risk of severe disease—intensive care unit
(ICU) treatment or death—in patients with a history of
smoking compared with those without a history of

smoking (OR 5-5, 95% CI 3-1-9-9; p<7-3x108). An
Italian study that found a positive association between
the Human Development Index (an integrated index of
healthy long life, education, and living standards,
measured according to life expectancy at birth, mean and
expected years of schooling, and gross national income
per capita) and SARS-CoV-2 infection and COVID-19-
related death also showed, in multivariable analysis
including current cigarette smokers aged 14 years and
older and frequency of smoking, a positive association
between cigarettes smoked per day and incident
SARS-CoV-2 infection and death.”

The third study was a review of 102 patients with lung
cancer and COVID-19 in New York City, USA, in March
to May 2020, which measured smoking in pack-years
and, in univariate analyses comparing median smoking
(23-5 pack-years) to never-smoking (0 pack-years),
showed increased odds of hospital admission (OR 2-38,
95% CI 1-08-5-40), ICU admission or intubation (1-72,
0-75—4-21), and death (2-90, 1-07-9-44)." Lastly, a study
that combined large-scale observation and mendelian
randomisation analyses—to address the issue of
confounding in observational studies—examined
smoking behaviour (documented in primary care health
records) and SARS-CoV-2 infections, COVID-19-related
hospital admissions, and deaths recorded in electronic
health records.”? The study found an increased risk of
COVID-19-related death for heavy smokers (=20 cigarettes
per day; OR 6-11, 95% CI 3-59-10-42) and moderate
smokers (10-19 cigarettes per day; 5-91, 3-66-9-54)
compared with never-smokers in fully adjusted models.
Former smokers also had significantly increased odds of
hospital admission and death in adjusted models, but
light smokers did not. The investigators also conducted
mendelian randomisation analyses using genetic proxies
for smoking behaviours from the UK Biobank, and
found significant positive associations for SARS-CoV-2
infection, hospital admission, and death with genetically
predicted higher rates of cigarette smoking per day. The
authors concluded that the consistent observational and
genetic analyses supported a causal relationship between
smoking and adverse COVID-19 outcomes.?

The overall weight of evidence was stronger for more
advanced COVID-19 outcomes, suggesting that cigarette
smoking is associated with more severe COVID-19
symptoms, as evidenced by the need for hospital
admission. Importantly, smoking also appeared to
adversely affect progression in severity of COVID-19
outcomes (eg, admission to the ICU, need for intubation),
and most studies found a positive association between
smoking and COVID-19-related mortality, with only a
few studies showing no significant association. Of note, a
study of more than 17 million patient records in England
found that the increase in COVID-19-related mortality
associated with smoking was no longer significant after
controlling for the presence of chronic lung disease,
suggesting that smoking-induced comorbidities might
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explain the overall increase in mortality associated with
smoking.” In addition, a recent retrospective cohort
study of 44270 SARS-CoV-2-infected individuals®
reported that, compared with never-smokers, current
smokers had lower rates of hospital admission (adjusted
HR 0-48, 95% CI 0-40-0-58), ICU admission (0-62,
0-42-0-87), and death (0-52, 0-27-0-89). However,
former smokers had higher rates of hospital admission
(1-10, 1-03-1-08) and death (1-32, 1-11-1-56).® The
findings highlight the need for further understanding of
the mechanisms by which smoking affects the risk of
worse outcomes in patients with COVID-19.

Summary of epidemiological findings

In summary, we found insufficient evidence to conclude
whether or not smoking affects susceptibility to
SARS-CoV-2 infection, but good evidence for a negative
effect of smoking on the progression and severity of
symptoms and on COVID-19-related mortality. However,
it is important to note that the effect of smoking was not
the main research question in many epidemiological
studies. Moreover, because much of this research was
done in the context of caring for overwhelming numbers
of critically ill patients with respiratory distress, most
studies did not quantify smoking frequency or intensity;
therefore, we cannot draw strong conclusions about
associations between patterns of use and COVID-19
outcomes. Studies were primarily cross-sectional, and
most did not differentiate or compare current versus
former smokers, frequency and intensity of tobacco use
among users, age groups, presence or type of
comorbidities, or any differences in self-protection
practices, or specify the types of tobacco products used,
and were focused on cigarette use among adults.

We chose not to conduct a meta-analysis owing to
variation in methodological rigour, variation and lack of
specificity in assessments of tobacco use status and
COVID-19 outcomes, and high variability in sample size.
Although we have included sample sizes of the studies
listed in the appendix (pp 3-6), it should be noted that
those with larger sample sizes were not always better,
owing to methodological limitations, such as crude and
outdated assessment of smoking status. Furthermore,
although a living review* and multiple meta-analyses*2
on this topic have been published, many include studies
that have been published without peer review on
pre-publishing sites, and the large methodological and
measurement variations between studies suggest that it
might not be appropriate to report this heterogeneous
body of literature as a meta-analysis. Methodological
variability and limitations might partially explain the
mixed results that we observed for tobacco use and initial
infection rates. Nevertheless, despite the variability and
limitations, there was broad consensus across studies
that cigarette smoking was significantly associated with
progression of COVID-19 following initial infection,
similar to the conclusions of the living review;* however,
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in contrast to the living review, which currently suggests
that smoking is protective against SARS-CoV-2 infection,”
the evidence reviewed here does not allow definitive
conclusions regarding incidence of infection.

Tobacco product use behaviours during the
pandemic

Shared use and risk of SARS-CoV-2 transmission

In addition to the potential for direct effects of tobacco,
nicotine, or smoke constituents, behavioural aspects of
tobacco product use could have an impact on the risk
of SARS-CoV-2 infection. The communal nature of
e-cigarette use and waterpipe smoking often leads to the
sharing of a single device or mouthpiece between users,
especially among young people in social settings,»*
which could increase the potential for transmission of
infectious agents. Previous studies have shown that
waterpipe use is associated with an increased risk of
transmission of respiratory viruses, hepatitis C virus,
Epstein-Barr virus, and herpes simplex virus.**? Particles
of SARS-CoV-2 have been found in saliva from
COVID-19-positive individuals, making saliva a potential
route for SARS-CoV-2 transmission among users who
share tobacco products.”

Second-hand smoke or aerosol exposure and risks to
bystanders
Passive smokers are exposed to the toxicants present in
tobacco smoke, and several studies have shown that
people living with smokers have increased susceptibility
to infection. A systematic review of studies assessing the
effect of passive smoking on the risk of lower respiratory
tract infections in children under 2 years of age found
that exposure to smoking by both parents, as well as
prenatal and postnatal smoke exposure, significantly
increased the risk of infants developing lower respiratory
tract infections.* Nevertheless, whether second-hand
exposure to tobacco smoke or e-cigarette aerosols exhaled
by SARS-CoV-2-positive tobacco users constitutes a
significant risk of infection is unclear. At least in
principle, exhaled particles in aerosols can transport viral
particles between people.” Of particular concern is the
use of tobacco products in small or poorly ventilated
indoor spaces, which increases exposure to particulates,
given that particulates in ambient outdoor air appear to
increase the risk of spreading SARS-CoV-2 infection.*
Studies showing a significant association between air
pollution and COVID-197 suggest that exposure to fine
particles, such as those in tobacco smoke and e-cigarette
aerosols, increases the risk of SARS-CoV-2 infection.”
Nevertheless, SARS-CoV-2 viral loads in exhaled tobacco
smoke and e-cigarette aerosols have not been determined,
and it is unclear how long SARS-CoV-2 particles remain
viable after they have been exhaled with cigarette smoke
or e-cigarette aerosols.”

Droplets expelled in the context of face-to-face
exposure during talking, coughing, or sneezing are the
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most common mode of SARS-CoV-2 transmission. Even
brief exposure to individuals who are symptomatic
(eg, coughing) is associated with higher risk for
SARS-CoV-2 transmission.” Because chronic cough is a
common respiratory symptom among tobacco users,”
bystanders in close proximity to tobacco users infected
with SARS-CoV-2 could be at particularly high risk of
infection. The absence of mask wearing when smoking
or using e-cigarettes creates additional opportunities for
transmission of SARS-CoV-2. Moreover, the use of
smokeless tobacco products that are often held in the
mouth for some time and then spat out along with saliva
generates salivary droplets that could promote airborne
infection,” and thus increase the risk of infection among
bystanders.

Changes in tobacco product use behaviours
Owing to its widespread social, economic, health, and
behavioural impacts, COVID-19 is likely to have multiple
influences on tobacco use behaviour. Studies of changes
in and predictors of tobacco use during the COVID-19
pandemic have had mixed results, with most showing
that, within the same sample, some participants reduced
their tobacco use, while others increased or maintained
use. Across all studies, including cross-sectional and a few
longitudinal designs, about 5-70% of the participants
reported trying to quit or reduce tobacco use, or reported
quitting altogether.*=* Approximately 7-55% of partici-
pants increased use or relapsed,**** and 14-93% of
participants reported no change in tobacco use.*#555575
Importantly, although some studies have reported a
decrease in the overall prevalence or amount of cigarette
smoking during the pandemic,”* others report no change
in use frequency or even an increase in the number of
cigarettes smoked per day™* or an increase in the amount
of other tobacco products used (eg, cigars, cigarillos).*
Similar to studies of conventional cigarettes, those
focused on e-cigarette use have shown increases, decreases,
and no change in use within study samples,** although
many other studies showed decreases in e-cigarette
use.®®72  One longitudinal study that followed
adolescents over time both before and during the pandemic
showed that a reduction in youth e-cigarette use in young
adults was occurring even before the pandemic.* Another
study showed reductions in amount and frequency of use
during the pandemic.® Studies of cigar users have
shown similar results to those for smoking, with many
participants intending to quit and a third to a half reporting
attempting to quit, although about half of cigar users
continued to use as before the pandemic.”” More than
half of waterpipe users stopped using or wanted to quit.”
Changes in tobacco use during the pandemic did not
vary much by age. The proportion of adolescents and
young adults quitting or attempting to quit ranged from
about 7% to 30%,”***” and the proportion of adults
ranged from 1-1% to 50%.“**”* Furthermore, some
studies showed that men were less likely than women to

stop using cigarettes or e-cigarettes during the
pandemic;***** however, other studies showed that men
were more likely than women to quit tobacco use.” Some
of the same studies showed that alcohol use increased and
physical activity decreased during the pandemic,*¢765
although others have reported declines in alcohol use.”*

Perceptions and reasons for changes in tobacco product use
Across studies, adolescents, young adults, and adults were
concerned about COVID-19 and perceived that use of
cigarettes and e-cigarettes increased their risk of infection
or severe COVID-19 symptoms, or both.*##7%% Such
perceived risk of infection or disease severity, or concern
over lung health more generally, was associated with
reduced tobacco use.®”®##2 Additional reasons for
reduced tobacco use included wanting to help others who
might have COVID-19;* concerns that parents might learn
about their use;” and closure of bars and pubs, suspension
of classes, and reduced socialising with friends.” Those
with chronic illness were also more likely to reduce tobacco
use during the pandemic.** Reasons reported for greater
tobacco use included response to stress or anxiety,**%
depression,®** boredom,** fewer smoking bans,* and
feeling social isolation.® Adolescents, young adults, and
adults also reported reducing tobacco use because of
reduced access to e-cigarettes®*” and cigarettes®”
during the pandemic. Several participants reported
stocking up on tobacco®” or rationing supplies.” Berg and
colleagues® found that about a quarter of adolescent and
young adult participants worried that vape shops would
close, decreasing their access, but in reality, access was not
as difficult as they expected.

Public health messaging and industry activities
Public health authorities such as WHO and the
US National Cancer Institute,”" and anti-smoking
campaigns such as US state tobacco campaigns,™'®
included messages warning about a smoking-related
increased risk of COVID-19 in their media campaigns in
early 2020.° One study testing COVID-19 messaging
reported that messages with both COVID-19 health
warnings and traditional health warnings were perceived
to be effective in discouraging use among current
smokers and e-cigarette users.” The recommendations
of the US Advisory Committee on Immunization
Practices in December 2020 included smokers as a
priority population for early COVID-19 vaccinations."
Tobacco industry promotional and policy activities
during the pandemic might also have influenced
perceptions, behaviour, and structural factors affecting
tobacco use. To preserve access, the tobacco industry
adapted to provide delivery and pick-up options for
tobacco products. Independent reports have documented
that the tobacco industry cited the pandemic in lobbying
efforts against implementation of tobacco control
policies,”™ mirrored health authority COVID-19
messaging in promotional campaigns,” and developed
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corporate social responsibility activities to gain access to
governmental authorities, ™™ similar to past behaviour."
Tobacco marketing and promotional activities included
arguments that vape shops were essential businesses,™
sale of e-cigarette-branded masks linked to device
purchase,” offers of COVID-19-related promotion
codes,™ and co-opting hashtags such as #StayAtHome
and #FlattenTheCurve in tobacco advertising.”” Tobacco
companies used the pandemic to argue successfully for a
deadline extension to submit premarket review
applications for new tobacco products to the US Food and
Drug Administration.” Pandemic-associated economic
losses were also used to oppose policies relating to
flavoured tobacco products in the EU and the USA.*"
Furthermore, despite the lack of clear evidence, vaping
websites questioned the risks of e-cigarette use for
COVID-19, and unsupported claims that vaping and
nicotine can be protective against COVID-19 proliferated
on social media.™""”

Biological relationships between tobacco
product use and COVID-19

Smoking-associated pathophysiology

Many biological factors are likely to have a role in
determining the link between tobacco product use and
COVID-19. Cigarette smoking is associated with increased
susceptibility to and severity of respiratory infections,
including influenza and tuberculosis.”"* Mechanisms for
this association include both immune suppression and
physical changes, such as abnormal ciliary function.®
Combustion products of tobacco smoke induce oxidative
stress, promote inflammation and vascular injury, and
establish a prothrombotic state—changes that could
promote SARS-CoV-2 infection and contribute to increased
severity of COVID-19. Furthermore, cigarette smoking
causes cardiovascular disease and chronic lung disease,
which are associated with poorer outcomes in SARS-CoV-2-
infected individuals.> Here, we describe biological
mechanisms related to cigarette smoking and tobacco
product use that might influence the clinical sequelae of
COVID-19, including the potential effects of smoking on
viral binding and the possible role of nicotine and
non-nicotine constituents of tobacco products in
determining the susceptibility and response to SARS-CoV-2
and the progression of disease in individual users.

Cigarette smoking and viral binding

Multiple theories have been proposed in describing the
mechanisms that link cigarette smoking to COVID-19.
One theory relates to viral binding. The first stage of
SARS-CoV-2 infection is the binding of its spike protein
to angiotensin-converting enzyme 2 (ACE2) in the lung
or the nasopharynx. This leads to entry of the virus into
the cell, following proteolytic cleavage and activation of
the spike protein by transmembrane protease serine 2
(TMPRSS2)."”? Individuals with a history of cigarette
smoking have been found to have significant
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overexpression of the ACE2 protein in lung epithelial
cells and significant increases in TMPRSS2
expression.’” Moreover, current smokers and those with
COPD have significantly higher expression of ACE2 in
small airways compared with non-smokers.**"* Similarly,
mice exposed to cigarette smoke express nearly 80% more
ACE2 in their lungs compared with sham-treated mice,
suggesting that smoking-induced upregulation of ACE2
in the lung” might increase the risk of infection and
disease severity (figure 1).

Potential role of nicotine
In contrast to cigarette smoking, the effects of nicotine
are less clear. Nicotine has been shown to downregulate
ACE2 expression in experimental animals,”” but to elevate
ACE2 expression in human bronchial epithelial cells.®
However, exposure to smoke has recently been reported
to decrease membrane ACE2 expression in human
bronchial epithelial cells, and this reduction was directly
correlated with nicotine delivery.® In another study,
smoking but not e-cigarette use upregulated ACE2
expression,™ suggesting that overexpression of ACE2 in
smokers is not due to nicotine. Regardless of the stimulus,
the theory that increased ACE2 expression elevates the
risk of developing SARS-CoV-2 infection and disease
progression conflicts with the observation that drugs that
increase ACE2 expression, such as ACE inhibitors and
angiotensin receptor blockers, do not seem to increase
the likelihood of a positive test for SARS-CoV-2"' or the
risk of severe COVID-19.""" Another theory, based on
amino acid homologies between the SARS-CoV-2 virus
spike glycoprotein and a snake venom toxin that binds to
nicotinic acetylcholine receptors (nAChRs), posits that
nAChRs might also serve as an entry binding site for
SARS-CoV-2."1 If correct, nicotine might compete with
the virus for surface binding, and thereby reduce
SARS-CoV-2 entry. Additionally, some researchers have
speculated that the tobacco mosaic virus, which is found
frequently in smokers’ airways, and which stimulates
adaptive and innate immunity, might have a protective
effect against SARS-CoV-2 infection.”” However, at
present, any protective role for nicotine is speculative and
any potential effects of nicotine must be viewed in the
context of the range of factors at play in determining
disease risk in tobacco product users, including smokers.
Acute lung injury and life-threatening complications of
SARS-CoV-2 infection are accompanied by a hyper-
inflammatory immune response,” and clinical trials have
shown that fluvoxamine, an antidepressant drug that
downregulates cytokine production, protects symptomatic
adults who have not been admitted to hospital with
COVID-19 from clinical deterioration, supporting a
potential therapeutic effect of immune suppression early
in the course of SARS-CoV-2 infection.”” Activation of the
cholinergic anti-inflammatory pathway could also
antagonise the development of such hyperinflammatory
responses.”" Products of inflammation act on the brain
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Figure 1: Stages at which cigarette smoking might affect the risk of SARS-CoV-2 infection and the course of COVID-19

Upward-facing arrows indicate potential increased risk and downward-facing arrows indicate decreased risk. Wide, coloured arrows are used to indicate mechanisms
for which evidence in humans is strong; narrow, grey arrows indicate mechanisms for which evidence is mixed or lacking. Note that some mechanisms might affect
more than one stage of infection and disease progression. a7 nAChRs=a7 nicotinic acetylcholine receptors. ACE2=angiotensin-converting enzyme 2. ARDS=acute

respiratory distress syndrome. TMV=tobacco mosaic virus.

to activate the parasympathetic nervous system to release
acetylcholine, which then acts on circulating immune cells
to modulate the immune response. Because nAChRs
(primarily o7) mediate the cholinergic anti-inflammatory
response, nicotine or vagal stimulation might reduce
systemic inflammation.” Activation of the a7 nAChR
suppresses nuclear factor-kB-dependent transcriptional
events, which in turn leads to downregulation of cytokine
production and an attenuated response to inflammatory
triggers such as lipopolysaccharides and double-stranded
RNA (figure 2).*™ In addition, nicotine acts on
macrophages to inhibit the release of proinflammatory but
not anti-inflammatory cytokines and chemokines.*

In animal studies, activation of the cholinergic pathway
has been shown to protect against immune-mediated
disease, including acute lung injury,*? sepsis,**** viral
myocarditis,"” acute kidney injury,”” and brain injury."®
These studies have shown that nicotine might have the
potential to dampen immune responses and reduce tissue
injury under conditions similar to those of the initial
stages of COVID-19. In mouse and rat models of acid-
induced acute lung injury, nicotine substantially decreased
lung vascular permeability.” And in a mouse model of
acute lung injury induced by intra-tracheal administration

of lipopolysaccharide, which simulates acute respiratory
distress syndrome similar to that seen in severely ill
patients with COVID-19," nicotine substantially decreased
leukocyte infiltration and proinflammatory cytokines
concentrations. Notably, in the same model, cigarette
smoke exposure increased lung injury.* Thus, at least in
animal models, nicotine by itself seems to exert an anti-
inflammatory effect; however, insufficient epidemiological
or experimental evidence exists at present to support
the assertion that nicotine might decrease the
hyperinflammatory response in people with COVID-19.
Moreover, in cigarette smoke, the effects of nicotine are
likely to be modified by other constituents and toxicants
generated during combustion; similarly, in the case of
other tobacco products, nicotine will be one of a number
of constituents that might influence the effects of
SARS-CoV-2 and the host response to infection (table).
Nicotine has several adverse cardiopulmonary effects”
and is highly addictive, so any recreational use of nicotine
products should be strongly discouraged; however, the
possibility that nicotine-containing medications or
nicotine replacement drugs might be therapeutic at doses
without strong cardiopulmonary effects and with little risk
of addiction warrants further investigation.
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Despite the known harms of nicotine use, if anti-
inflammatory effects of nicotine were to be demonstrated
in humans, this might have potential implications with
respect to smoking cessation in the context of COVID-19
(see appendix p 16 for current approaches to smoking
cessation). For example, an anti-inflammatory effect of
nicotine might provide a rationale for encouraging
smokers with COVID-19 to stop smoking with the use of
nicotine replacement therapy or drugs such as varenicline
or cytisine, all of which activate a7 nAChRs, as a step
towards tobacco and nicotine use cessation. Note that the
use of commercially available electronic nicotine-delivery
systems is not advised for those attempting to stop
smoking.

Potential role of non-nicotine constituents of tobacco
products
Emissions from inhaled tobacco products contain not only
nicotine, but also many respiratory toxicants and irritants,
such as benzene, formaldehyde, acrolein, 1,3-butadiene,
aromatic amines, polyaromatic hydrocarbons, and a range
of other volatile organic compounds. Inhalation of these
toxicants could potentially affect the progression and
severity of COVID-19,” in part because the pathological
changes induced by tobacco smoke constituents are
similar to the pathophysiological mechanisms of
SARS-CoV-2 infection. Chronic exposure to toxicants in
cigarette smoke promotes inflammation” and, similarly,
systemic inflammatory responses contribute to severe
COVID-19, as evidenced by elevated plasma concentrations
of proinflammatory cytokines (similar to the so-called
cytokine storm described in other conditions”™"). The
proinflammatory cytokines produced during COVID-19
are similar to those that are elevated by smoking.”
Moreover, smoking increases the permeability of epithelial
cells and mucus production, and impairs mucociliary
clearance.” Such changes, in concert with increased
inflammation, could potentially increase the severity of
COVID-19-associated lung injury in smokers (figure 1).
Most human studies cannot isolate the effects of
exposure to a single ingredient in a tobacco product, but
rather report effects of a mixture, such as tobacco smoke,
e-cigarette aerosol, or waterpipe smoke. Many of the
immunotoxicology studies that have focused on a single
chemical were done in vitro or in animals with variable
dosing regimens, routes, and durations of exposure. This
variability in experimental conditions creates challenges
for extrapolating laboratory results to human exposure
and human epidemiology. Nevertheless, several
chemicals present in tobacco products have been shown
to affect various inflammatory signalling pathways in
cells, and thus potentially modulate immunological
responses to viral infection in users (table). Some tobacco
constituents have been shown to induce immune
suppression responses, whereas others cause proinflam-
matory responses.”"*"™"™ At certain stages of SARS-
CoV-2 infection, immune suppression in tobacco users
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Figure 2: The cholinergic anti-inflammatory reflex

Several products of infection, tissue injury, or ischaemia (eg, lipopolysaccharides, dsRNA, extracellular matrix
degradation products) activate the immune response, which results in the release of cytokines from innate
immune cells, such as monocytes and macrophages in the spleen. These cytokines act on afferent nerves in the
parasympathetic nervous system, generating signals that are transmitted via the vagus nerve or act directly on the
brain, which in turn activate efferent anti-inflammatory pathways in the brainstem. Efferent neural pathways
travel via the vagus nerve to the spleen, where acetylcholine is released. Acetylcholine acts on o7 nAChRs on the
surface of immune cells to downregulate the immune response via a mechanism involving TLRs, which activate
the nuclear transcription factor NF-kB. NF-kB downregulates transcription of genes that control the production of
proinflammatory cytokines. The reflex control of immunity is described by Tracey.** Nicotine activates a7 nAChRs
and has been shown to have anti-inflammatory effects in animal models of immune-mediated disease;
however, direct evidence for a protective effect of nicotine in humans is weak. a7 nAChR=07 nicotinic acetylcholine
receptor. dsRNA=double-stranded RNA. IL-1B=interleukin-1p. IL-6=interleukin-6. NF-kB=nuclear factor-«B.
TLR=Toll-like receptor. TNF=tumour necrosis factor.

might theoretically prevent inflammation-related organ
injury, but this theory remains to be tested. By contrast,
exposure to tobacco product ingredients that exhibit
strong proinflammatory activity might exacerbate harm
caused by SARS-CoV-2 infection.

The use of tobacco products other than combustible
cigarettes could also affect SARS-CoV-2 infection and
COVID-19 progression, but the effects of these products
are as yet unknown. For example, it is unclear how
e-cigarette use affects the risk of SARS-CoV-2 infection
and disease progression. Although e-cigarette aerosols
contain lower numbers and concentrations of most
toxicants than do combustible tobacco products, they still
expose users to nicotine as well as several other
potentially harmful chemicals. Emerging evidence
suggests that inhaling oxidants, chemicals, particulates,
and flavourings that are present in e-cigarette aerosols
could induce inflammation, bronchoconstriction, and
airway remodelling.®™"™ In experimental animals,
exposure to e-cigarette aerosols has been found to trigger
systemic inflammation and to increase the abundance of
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Tobacco product constituent

Mechanism of toxicity relevant to viral infections

Potential implications for COVID-19

Polyaromatic
hydrocarbons

Acrolein

Carbon
monoxide

Humectants

Flavourings

Particulate
matter

Produced from the incomplete combustion
of organic compounds, polyaromatic
hydrocarbons are present in smoke emitted
from combustible tobacco products,
including cigarettes, cigars, and waterpipes

Acrolein, a carbonyl, is a toxic product of
combustible tobacco products; acrolein has
also been found in emissions from
e-cigarettes

Carbon monoxide is a gaseous toxicant
generated by combustible tobacco products

Vegetable glycerin and propylene glycol are
commonly used in e-cigarettes; both
chemicals are also frequently employed as
humectants in combustible cigarettes

Flavouring chemicals commonly used in
flavoured cigars, e-cigarettes, and waterpipe
tobacco include aliphatic aldehydes (for fruity
flavours) and aromatic aldehydes (for sweet
and spicy flavours)

Tobacco smoke contains respirable particles
that can be deposited in the lungs

Exposure to polyaromatic hydrocarbons has been shown to
result in immune suppression or immune potentiation,
depending on variables such as timing of testing or dosage, but
immune suppression is the most frequently reported effect;™
underlying mechanisms remain unclear, but
immunomodulatory effects of polyaromatic hydrocarbons
might be due to their reactive epoxide metabolites™

Acrolein might be responsible for the suppression of cytokine
production by cigarette smoke;* acute high-dose acrolein
exposure might suppress innate immunity and inflammatory
responses, thereby increasing susceptibility to infection,
whereas chronic low-dose exposures might increase
inflammation, leading to tissue injury'=**

When inhaled, carbon monoxide reacts with haemoglobin to
produce carboxyhaemoglobin, thereby diminishing the oxygen-
carrying capacity of blood; at low concentrations, carbon
monoxide induces vasodilation, and can differentially and
selectively inhibit the expression of proinflammatory cytokines
TNF, IL-1B, and MIP-1B, and increase lipopolysaccharide-
induced expression of the anti-inflammatory cytokine IL-10*"

Animal studies have shown that inhalation of vegetable
glycerin and propylene glycol, followed by virus inoculation,
was associated with increased lung viral titres,** downregulated
innate immunity against influenza virus,**® and disrupted
immune homoeostasis*****

Emerging evidence from in-vitro and in-vivo animal models
suggests that at least some flavourings used in tobacco
products (cinnamaldehyde, vanillin, ethyl maltol) cause
oxidative stress in respiratory cells, induce release of
proinflammatory cytokines, and have immunosuppressive
effects;**** however, there is little direct evidence of toxicity in
humans

Inhalation of particulates induces oxidative stress in the lungs,
leading to cell damage and stimulation of several inflammatory
pathways; it is speculated that inhaled particulates could
inhibit antiviral responses by inducing inflammation and
cytotoxicity in the lungs and decreasing virus-induced cytokine
production by alveolar macrophages”***

Exposure to polyaromatic hydrocarbons from combustible
tobacco products might result in immune suppression,
thereby increasing the severity of COVID-19"*

Acrolein could potentially diminish defences against
SARS-CoV-2 infection by inhibiting macrophage responses
and their function via suppression of NF-kB or direct
alkylation of signalling proteins, or by suppressing

M1 macrophage proinflammatory reactions and favouring
anti-inflammatory M2 macrophage responses, consistent
with observations in smokers's*

Research efforts are underway to validate treatments based
on the delivery of pharmacological amounts of carbon
monoxide to patients infected with other viruses; because a
protective effect against viral infections has been reported
primarily in experimental models,***** whether carbon
monoxide delivery from tobacco smoke could modulate the
development of COVID-19 remains unknown**

Exposure to humectants commonly used in e-cigarettes and
combustible cigarettes could potentially impair innate and
adaptive immune defences against SARS-CoV-2

Because inhaled flavouring chemicals can potentially alter
airway epithelial functions such as inflammatory responses
and innate immune defence against respiratory viruses, users
of flavoured tobacco products might be at a higher risk of
SARS-CoV-2 infection and more severe COVID-19

Inhalation of particulate matter with tobacco smoke can
cause lung cell inflammation and negatively affect the
antiviral response, thereby potentially increasing sensitivity
to SARS-CoV-2 infection and the severity of COVID-19
symptoms in people who smoke or in those exposed to
second-hand tobacco smoke or e-cigarette aerosol

IL-1B=interleukin-1p. IL-10=interleukin-10. MIP-1B=macrophage inflammatory protein-1pB. NF-kB=nuclear factor-kB. TNF=tumour necrosis factor.

Table: Potential mechanisms by which non-nicotine constituents of tobacco products could affect susceptibility to SARS-CoV-2 infection or severity of COVID-19

macrophages,

T-lymphocytes,

and proinflammatory

tobacco has been shown in animals.”® A cross-sectional
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cytokines in bronchoalveolar lavage fluid. When infected
with the flu virus, mice exposed to e-cigarette aerosols
show delayed immune responses and persistent lung
inflammation and oedema, as well as increased
haemorrhage and mortality.*" Studies in humans
suggest that e-cigarette use is associated with increased
inflammation and elevated plasma IgE concentrations,
which are consistent with e-cigarette users reporting a
higher prevalence of chronic cough, bronchitis, asthma,
and wheezing.™

The effects of smokeless tobacco on viral infections are
largely unknown, and data on the effects of smokeless
tobacco on systemic inflammation are conflicting.
Chronic use of smokeless tobacco has been associated
with systemic inflammation and a prothrombotic state
in some studies,” but not in others.™* Systemic
dysregulation of immune responses (decrease in CD4
and CD8* T cells and CD11b monocytes) by smokeless

study from Sweden of more than 26000 users of snus
(an oral form of tobacco) found that snus use was
associated with a higher prevalence of chronic bronchitis,
chronic rhinosinusitis, and sleep disturbances,* all of
which could affect COVID-19 severity.

Summary of mechanistic findings

Tobacco products contain a large number of potentially
toxic chemicals; additional chemicals are generated during
aerosolisation due to heating or combustion. Although the
contributions of individual chemicals and constituents
remain unclear, the use of tobacco products can cause
substantial injury leading to impaired mucociliary
clearance in the lung, higher expression of ACE2, immune
dysregulation, cardiovascular dysfunction, and an increase
in lung permeability, which can collectively increase the
risk of viral infection and severe disease (figure 3).
Nicotine, by activating the cholinergic response, exerts an
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anti-inflammatory effect in a variety of pathological states;
however, its role in the context of the complex milieu of
tobacco product constituents remains unclear.

Conclusions and future directions

In our review of the evidence, we found that
epidemiological studies of the effects of cigarette
smoking on SARS-CoV-2 infection have produced
conflicting results, and further research is needed to
ascertain whether or not smoking or the use of other
tobacco products affects susceptibility to SARS-CoV-2
infection. However, the evidence indicates that smokers
are at greater risk of poor outcomes from COVID-19,
including hospital admission and progression to severe
disease, than are non-smokers. We identified biological
mechanisms that might underpin the link between
cigarette smoking and the severity and course of
COVID-19; however, further studies are needed to
establish the role of nicotine and non-nicotine
constituents of tobacco products in determining disease
susceptibility.

It should be noted that we have focused mainly on
published research that was done during the initial
pandemic outbreak in 2020-21, and that more recent
developments, such as the effects of tobacco use in
relation to vaccination and new SARS-CoV-2 variants, are
not covered here. As is the case for other scientific
investigations conducted as part of a rapid response to a
large-scale adverse event, the studies discussed in this
Personal View have heterogeneous methods and, in some
cases, lack measurement specificity—eg, lack of detailed
information on frequency and intensity of smoking
history and types of tobacco products used. This is
commensurate with the need to rapidly respond with
information abouta new virus and its health consequences,
without the time to design and conduct large resource-
intensive studies. Consequently, there is a need for
additional studies with more systematic assessment and
more detailed measurements of smoking behaviour.
Increased methodological rigour and innovation in
experimental design are required to identify and quantify
the effects of tobacco products such as e-cigarettes,
smokeless tobacco, cigars, and hookahs on COVID-19
incidence and outcomes. Future studies using longitudinal
designs or comparing cohorts over different time periods
to examine changes in tobacco use behaviour during the
pandemic are also warranted, as well as studies relating
changes in restriction policies and self-protection policies
during spikes in infection rates.

As the pandemic has evolved, additional important
research questions have emerged. One such question
relates to the long-term health effects of COVID-19—the
so-called post-COVID-19 condition or long COVID—and
how these long-term sequelae might be affected by
tobacco product use. A second question relates to changes
in tobacco use behaviour post-COVID-19. A third pressing
issue relates to whether smoking affects immune
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Figure 3: Potential mechanisms by which smoking could increase COVID-19 risk

Exposure to the harmful substances present in or produced by cigarettes and other tobacco products leads to
substantial pulmonary and cardiovascular dysfunction and injury that could collectively increase the risk of

SARS-CoV-2 infection and progression to severe COVID-19.

responses to anti-SARS-CoV-2 vaccination. Smoking
could reduce vaccine efficacy either by reducing immune
responses or Dby creating a pre-vaccination hyper-
inflammatory response. For example, Godoy and
colleagues™ did a case-control study of patients over the
age of 65 years with influenza and found that influenza

vaccination prevented 21% of hospital admissions in

smokers and ex-smokers compared with 39% of hospital
admissions in never-smokers. The efficacy of vaccination
was modest in general and was non-significantly higher in
non-smokers when compared with smokers. In patients

with COPD, the effectiveness of influenza vaccination

does not appear to be modified by current smoking
status.”™ However, results from a randomized, double-
blind, placebo-controlled trial on the efficacy of influenza
vaccination™ found a greater antibody titre rise due to
vaccination in smokers compared with non-smokers. By
contrast, hepatitis B vaccination has been found to be less
immunogenic in smokers versus non-smokers.”” A
recent meta-analysis found that 17 of 23 studies of
responses to SARS-CoV-2 vaccines showed much lower
antibody titres or more rapid lowering of vaccine-induced
IgG in smokers than in non-smokers.” Given such
disparate responses to different vaccines, an important
research priority is to assess and follow immunogenic
responses and clinical protection in smokers who have
received anti-SARS-CoV-2 vaccines.

Finally, studies on the relationship between tobacco use
status and COVID-19 outcomes done after 2021 need
to consider the SARS-CoV-2 vaccination status of
the population being studied as well as the effect
of vaccination on COVID-19 screening rates (see
appendix p 17 for a brief survey of tobacco use history).
Another important research question concerns how the
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Panel: Priorities for future research

» Conduct randomised sampling of the general population
to understand the association between SARS-CoV-2
infection and tobacco product use in symptomatic and
asymptomatic individuals

« Instudies of SARS-CoV-2 infection, COVID-19, and other
infectious agents and diseases, use rigorous research
methods, including longitudinal designs with precise
measures of current tobacco use, more precise
identification and stratification of types of tobacco products
used, timing of use, and frequency and intensity of use

«  Perform multivariable analyses or case-control studies
with propensity matching to examine whether tobacco
use is associated with SARS-CoV-2 infection or COVID-19
severity independent of tobacco-induced comorbidities

« ldentify modifiers and mediators of the relationship
between tobacco use and COVID-19 risk, severity, and
outcomes; systematically include demographic,
psychosocial, and health variables such as age, gender,
and comorbidities, and other variables such as anxiety,
access to mental health care, perceptions of risk,
misperceptions about COVID-19, and testing hesitancy

« Assess the effect of vaccination on the association
between tobacco use and COVID-19 outcomes and
delineate the pathophysiological mechanisms by which
smoking and use of other tobacco products affects the
humoral response to SARS-CoV-2 vaccines

+  Conduct well controlled animal studies to differentiate the
effects of tobacco smoke inhalation and nicotine on the risk
of SARS-CoV-2 infection and disease severity and outcomes

» Conduct studies in humans to specifically compare the
effects of inhaled and non-inhaled tobacco product use
and to establish the effects of different tobacco products
on the risk of SARS-CoV-2 infection and COVID-19
severity and outcomes

«  Further investigate the effects of ACE2 inhibitors and
angiotensin receptor blockers on the relationship
between tobacco product use and COVID-19 risk, severity,
and outcomes

«  Further evaluate the efficacy of nicotine-replacement
therapy, varenicline, or cytisine for the treatment of
patients with COVID-19 who have a history of tobacco
product use, in terms of tobacco cessation and COVID-19
outcomes

+ Examine changes in tobacco product use, sustainability of
changes, and coping and resilience after COVID-19;
determine the immediate and long-term effects of the
pandemic on increases, decreases, switching, and quitting
of cigarettes and other tobacco products

« Conduct long-term studies to investigate the effects of
tobacco product use on the post-COVID-19 condition

ACE2=angiotensin-converting enzyme 2.
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Search strategy and selection criteria

On Dec 9, 2020, we searched PubMed and Embase using a
comprehensive set of search terms (appendix pp 1-2) for
articles on COVID-19 and tobacco. Similar searches were
conducted on Web of Science, CINAHL, PsycINFO, and
Sociological Abstracts, after which duplicates and opinion
pieces were removed. On Aug 30, 2021, we conducted a
second search of PubMed, Embrace, Web of Science, CINAHL,
PsychINFO, and Sociological Abstracts, using nearly identical
search terms to those used in the first search, for articles on
COVID-19 and tobacco published between Dec 9, 2020, and
Aug 30, 2021. The final list consisted of 2151 articles. Articles
were screened to remove those not presenting original
research findings. Further screening, detailed assessment,
data extraction, and classification by co-authors (BH-F, SK-S,
PML, MAP, and RMR) resulted in two sets of references:

236 epidemiological studies on the relationship between
tobacco use and COVID-19 incidence and outcomes, and

87 behavioural studies on tobacco use and perceptions
during the COVID-19 pandemic. Papers on biological
mechanisms were selected on the basis of their relevance to
the aims of the paper. Full details of the search strategy and
selection criteria are included in the appendix (pp 1-2). We
included all relevant studies that met criteria in our literature
review. Papers were cited within the narrative on the basis of
relevance to the topics covered and the aims of this Personal
View, and the complete set of studies is included in the
appendix (categorised by outcome, pp 3-6, and full reference
details, pp 7-15). After our original searches and preparation
of this Personal View, several key reports were published and
identified by the authors, including some high-quality studies
and papers relevant to our discussion, which were cited in the
text as the paper was revised and prepared for publication.

relationship between tobacco use and COVID-19 might
change as new variants of SARS-CoV-2 with different
infectivity and virulence emerge. These and other
recommendations for future research during and after
the COVID-19 pandemic are listed in the panel. A deeper
understanding of the links between tobacco product use
and disease risk could help to shape public health
recommendations and to improve the clinical care of
those with a history of tobacco dependence. To achieve
meaningful progress in future studies, it will be
imperative to obtain sufficient information regarding
tobacco product use, and to develop a validated and
harmonised approach for the systematic evaluation of the
effects of tobacco product use on the susceptibility to and
severity of COVID-19 and other future microbial threats.
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