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A B S T R A C T

Nicotine is perhaps the most important and potent, pharmacologically active substance in tobacco products. This
commentary examines the possible effects that nicotine has on microbial viability and also on the host's immune
system as it responds to the indigenous microflora (the microbiome) due to nicotine-induced changes to the
indigenous microbial environment and any associated antigenic stimulation / immunization that may occur. To
our knowledge, the analysis of such profound microbiologic changes attributable to a tobacco-related product,
such as nicotine, has not been fully explored in the context of its consequences on the viability of the micro-
biome/microbiota and on some of the host’s basic physiologic processes, such as the immune response, and its
possible association on the induction and persistence of certain immunologically related diseases. Future studies
should be aimed at uncovering the molecular mechanisms involved in such interactions, especially in the context
of manipulating them for therapeutic purposes.

1. Introduction

Both the upper and lower regions of the alimentary canal (or-
opharyngeal cavity and gastrointestinal [g.i.] tract) are typically sites of
almost constant and sometimes intense physiologically-related activity
primarily related to the processing of liquid or solid food products. In
these locations there is a complex and densely populated mixture of
usually harmless yet essential microorganisms (the microbiome), a few
potential pathogens that are capable of being inhaled, ingested or as-
pirated, and many complex macromolecules capable of eliciting, as well
as regulating, various immune responses. The local mucosal immune
system has developed mechanisms for readily ignoring the “harmless”
resident microflora and most of the inhaled/ingested substances (po-
tential antigens/superantigens), while generating protective responses,
such as locally produced immunoglobulins, especially IgA, to a wide
range of pathogens. IgA also helps preserve the composition of the gut
microbiome [1], but it has also been shown that, under certain cir-
cumstances, it does not change significantly in the absence of secretory
IgA. Another example of an extensive immune network that could be
affected by such events would be the gut-associated lymphoid tissue
(GALT) which is distributed throughout the gastrointestinal system. In
this context, the potential of nicotine to interfere with the growth of

various microorganisms and/or convert them into a more potent anti-
genic stimulus could be a significant concern. Such a result would have
broad range implications, since a large segment of the human popula-
tion uses nicotine-containing tobacco products or nicotine alone for
therapeutic purposes (primarily for withdrawal relief) [2,3].

2. Discussion

2.1. Effect of nicotine on various key metabolic processes

While it is now reasonably well established that the use of tobacco is
a major health hazard [4,5], the World Health Organization estimates
that about one billion of the world’s population still continue to use
various tobacco products including the now more popular smokeless
varieties despite the numerous deleterious effects they have on the
human body [6]. Lung cancer is caused primarily by smoking, and oral
cancers are strongly linked to those who use chewing tobacco or snuff.
Much of the damage caused by tobacco is usually attributed to the di-
rect toxicity or carcinogenicity of some of the many chemicals present
in tobacco products, making it difficult to distinguish which ones cause
the most harm with nicotine being considered to be the most phar-
macologically active [6]. It is also possible that some of these same
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compounds present in tobacco may indirectly have deleterious effects
on humans by interfering with the normal functioning of the host de-
fense (surveillance) system leading to increased susceptibility to neo-
plastic diseases and/or by lowering resistance to certain infections in-
cluding, more recently and now receiving considerable scrutiny, the
coronavirus, COVID-19. Some of these undesirable byproducts might
possibly be due to the interaction of nicotine with the indigenous mi-
croflora [7,8] and with various host defense mechanisms affecting both
humoral and cellular immune responses involved in protecting against
invading pathogens. Indeed, several studies [9–11] have shown that
tobacco smoke, smokeless tobacco and nicotine alone can be detri-
mental to certain components of the immune system of humans and
experimentally exposed animals. It is noteworthy, however, in this re-
gard, that although it is somewhat accepted that tobacco products have
an adverse effect on humoral and cell-mediated immunity, neither the
extent of this impairment nor of its mechanisms have been clearly
elucidated. Many of these immunologic changes can occur locally, for
example, in the lung and g.i. tract primarily affecting GALT [12] as well
as systemically [5,13] and they are generally reversible with cessation
of tobacco exposure. It is not known, however, whether long-term use
of tobacco can cause permanent or selective damage to the immune
system or to some of its components and whether such events are as-
sociated with concomitant effects on the microbiome.

In light of recent developments associated with maternal-fetal in-
teractions [14] during pregnancy and the early post-partum period, it is
interesting to speculate on whether the composition of the microbiome
in early childhood would vary in a smokeless home environment re-
lative to one not free of a family of smokers as a result of exposure to
second-hand smoke, along with knowing when does microbial coloni-
zation become fully entrenched in the human body or changes during
the course of a person’s lifetime. Also in this context, the collective role
of other significant lifestyle factors such as dietary and eating patterns
and certain related underlying conditions or co-morbidities (for ex-
ample, asthma, diabetes and obesity) [15] in affecting the make-up of
especially the commensal gut microbes and their normal function,
along with the innate and adaptive immune response pattern in the gut,
should be considered. Perhaps equally intriguing is the possible bene-
ficial role that one of the key components of tobacco, nicotine, may
have towards interfering with unwanted inflammatory responses [16]
such as those that may occur in the gastrointestinal tract with its vast
and complex array of indigenous bacteria. These consist primarily of
gram-negative bacilli (the so-called enterobacteriaceae) and a select
group of gram-positive cocci and bacilli. Collectively, these include
aerobes, facultative and strict anaerobes, and a small group of spore-
forming organisms. Also, in this context, other factors need to be con-
sidered including the recent finding [17] that the sleeping aid and
therapeutic agent, melatonin, may have broad ranging effects on GALT
and the metabolism of the gut microbiome. Moreover, additional stu-
dies [reviewed in ref. 18] have shown how the microbes residing in the
g.i. tract may affect the efficacy of some of the more novel im-
munotherapeutic interventions for treating certain types of cancers
especially those designed to block CTLA-4 and PD-1 immune check-
point molecules which would then enable cytolytic CD8+T cells to kill
neoplastic cells.

2.2. Interaction of nicotine with various microbes and possible modulation
of immune function

Apart from their possible deleterious effects on the immune system
especially in the context of increasing susceptibility to infections [19],
little is known on whether tobacco-related products could have direct
detrimental activity against microorganisms, including those com-
prising the microbiome [20]. This possibility would be especially no-
teworthy for certain parts of the body, such as the oral cavity, where
exposure to tobacco-related products occurs most commonly and would
be most intense [21]. Accordingly, any prolonged antimicrobial effects

occurring here could alter the balance of, and/or the indirect protective
effects afforded by, the oral microflora which could lead to colonization
or overgrowth of unwanted pathogens in the oropharynx. It also may
have some bearing on certain periodontal diseases such as periodontitis
(known to be initiated by bacteria). Such ecological alterations might
also affect local immune response patterns and/or susceptibility to
certain pathogens, especially with any concurrent physical damage to
the oral mucosal architecture [21]. To our knowledge, the development
of such profound microbiologic changes attributable to tobacco-related
products has not been fully explored and experimental studies should
be designed to analyze this issue.

A more recent development, designed for dealing with the health
consequences of tobacco product use, has involved the implementation
of nicotine replacement therapy such as over-the-counter gums [3],
sublingual tablets/lozenges [3] and transdermally applied patches [22]
for those who need aid in attempting to cease smoking and to reduce
withdrawal symptoms. Since nicotine is considered to be the most ad-
dictive substance [6] in tobacco products, its usage in these alternative
forms is being touted as a safe and alternative method for dealing with
nicotine withdrawal symptoms as a result of abstaining from smoking
or from resorting to using smokeless tobacco. Similar to tobacco in its
entirety, limited information (reviewed in ref. #[23]) exists on the
manner in which nicotine might interact with microorganisms and with
the host's immune system. There is some evidence [9,13] that nicotine
can influence certain aspects of humoral and cellular immunity in-
cluding the lowering of IgA levels in both saliva and intestinal secre-
tions, the inhibition of cytokine production in vitro by peripheral blood
and intestinal mononuclear cells, and the induction of certain forms of
both T- and B- lymphocyte anergy. Also, along these lines and from a
therapeutic perspective, certain clinical studies [16] have revealed an
additional partial beneficial use for nicotine: as an alternative treatment
modality for inflammatory bowel disease (IBD), specifically ulcerative
colitis. Its benefit, however, appears to be limited to treating active
colitis and not for maintaining remission [16]. Although its mechanism
of action here is not fully known, current evidence [11,24] suggests that
nicotine significantly affects cytokine levels, including pro-in-
flammatory mediators, in the colon. Such cytokines, especially tumor
necrosis factor (TNF) play a key role in the development and progres-
sion of Crohn’s disease [25] and ulcerative colitis [26], the most severe
forms of IBD. Over the past several years, they have become the targets
for the commercial development and therapeutic use of a unique form
of immunotherapy especially for Crohn’s disease as well as other highly
inflammatory conditions, one of which involves the infusion of a
monoclonal antibody directed against TNF [25,27].

It is worth noting that the current belief is that IBD results from the
combined effects of changes in the host interactions with the intestinal
microbiome, intestinal epithelial dysfunction, aberrant mucosal im-
mune responses, and altered composition of the intestinal commensals
[28]. Nucleotide oligomerization binding domain 2 (NOD2) is a gene
associated with Crohn’s disease. It encodes an intracellular protein that
binds to bacterial peptidoglycans [28]. Other genes such as autophagy-
related 16-like and immunity-related GTPase M are part of the autop-
hagy pathways that are important for cellular responses to IBD [28].
There is evidence that supports the hypothesis that inappropriate im-
mune reactions to luminal bacteria are important in IBD pathogenesis,
since all three genes seem to be involved in recognition and response to
intracellular pathogens [28]. In addition, patients with Crohn’s disease
produce antibodies against the bacterial protein flagellin in those who
have NOD2-associated disease, while anti-flagellin antibodies are un-
common in ulcerative colitis patients. Interestingly, the yeast Sacchar-
omyces cerevisiae, has been shown to be a common inhabitant of the oral
fungal community [29], and it may have a possible connection with
IBD. Its relationship to IBD is largely unknown although patients with
ulcerative colitis tend to lack antibodies to S. cerevisiae, which are
usually present in Crohn’s disease patients [28]. Another intriguing fact
is that smoking (nicotine) seems to be protective for ulcerative colitis
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but not for Crohn’s disease [28], although the exact mechanisms op-
erative here have not been fully elucidated, nor do we know the pos-
sible role that ingested food products play under these circumstances.
In this regard, within the gut-microbiome-immune network, it has be-
come clear [30] that, after passing through the colonic epithelium and
mucosa, microbial metabolites, arising during the processing of in-
gested food products, can enter and accumulate in the vasculature,
where they can elicit a wide range of biologic functions including those
rendered by the immune system. Accordingly, such processes and re-
sponses can be seriously affected following the exposure to nicotine.

2.3. Bacterial and fungal pathogens affected by nicotine

In light of the foregoing, our laboratory began a series of experi-
ments [31] that initially reexamined the effect that nicotine – perhaps
the most important and potent, pharmacologically active substance in
tobacco – has on microbial viability. We included some microorganisms
known to naturally colonize the oral cavity and g.i. tract, as part of the
human microbiome, which could impact on the host response to an
infection occurring in such locations and/or provide antigenic stimu-
lation/immunization. Proposed studies, such as these, involving direct
exposure of bacteria to nicotine and determining what effect these in-
teractions may have on immunity to infection and the inflammatory
response (such as might occur in the bowel wall and periodontal dis-
ease) have rarely been done or reported in peer-reviewed publications.
Yet they should provide new, important and key insights on nicotine-
microbial-host immune system interactions.

Some of the key details on the procedures that we used along with
the resulting findings have been published elsewhere [31] and are
summarized as follows. Diverse groups of bacteria and fungi were
mixed separately in vitro with various concentrations of commercially
available, purified nicotine. These mixtures were then cultured onto
agar plates for 24−48 h, and inhibitory activity was evaluated based on
measuring colony-forming units. This is a well-accepted and relatively
routine method for calculating the number of surviving organisms
present in the original test mixtures. As shown in Fig. 1, nicotine caused
a dose-dependent growth inhibition of a broad spectrum of our test
organisms, some of which are known pathogens. Equally affected were
both gram-positive and gram-negative bacteria, and the fungal or-
ganism, Candida albicans. Although not shown here, but published
elsewhere [31] nicotine exerted a significant inhibitory effect against

another fungal pathogen, Cryptococcus neoformans. Collectively, these
two opportunistic fungi are frequent indigenous colonizers of the
human oral cavity [29] and it has been well established that they are
capable of causing superficial and systemic infections primarily in im-
munocompromised patients, or in people who are being treated with
certain antibiotics (especially for C. albicans). In contrast, Staphylo-
coccus aureus and Mycobacterium phlei were only slightly inhibited fol-
lowing nicotine exposure. Also significant, along these lines, was our
finding that nicotine had strong inhibitory activity against the viridans
Streptococci (a member comprising a large portion of the oral resident
microflora that have been well documented as a significant cause of
bacteremia and infective sub-acute endocarditis). Such a result could
minimize the harmful effects associated with this group of organisms by
limiting or preventing their dissemination, under certain conditions,
from the mouth to the bloodstream. Levels of inhibition >50 % oc-
curred when most of the affected organisms were cultured with nicotine
at concentrations ranging from 100 to 250 u g/ml. It is noteworthy that
these levels of nicotine can be found in vivo [32], especially in the oral
cavity of smokeless tobacco users, thereby making these findings phy-
siologically relevant.

3. Conclusion

Based on the foregoing and the results from our limited series of
experiments [31] and those of others [7,8], the ability of nicotine to
limit or interfere with the growth of various human microflora could be
considered a significant finding. Such results could have broad range
implications and relevance, since a large segment of the human popu-
lation uses nicotine-containing tobacco products or nicotine alone for
therapeutic purposes (withdrawal relief), and very little is known on
how such events impact on various metabolic processes, especially
those involving the microbiome and the host’s immune system. A large
body of evidence has revealed that IBD is most likely a result of aber-
rations (dysregulation) of mucosal immune reactivity initiated by one
or more yet-to-be determined stimulus and/or etiologic agent(s) pos-
sibly involving one or more organisms that colonize the g.i. tract. Ni-
cotine exposure, either through the use of gums or lozenges, especially
in the oral cavity, where it occurs most often and would interact most
intensely and directly with the contents of the oral cavity, could ser-
iously affect or shift the type of species and/or the amount of microflora
colonizing the mouth. Similar effects could manifest themselves in the

Fig. 1. (Panel A) Dose-dependent growth inhibition of
the following bacteria: Escherichia coli, Klebsiella
pneumoniae, Listeria monocytogenes, and viridans
Streptococci by nicotine. Organisms were mixed with
nicotine in vitro and cultured onto blood agar. After
re-incubation, colony-forming units (CFU) of the
number of surviving bacteria were counted. Each data
point represents the mean value of 3 replicate ex-
periments. (Panel B) Dose-dependent growth inhibi-
tion of the following bacteria and fungi: Staphylococcus
aureus, Mycobacterium phlei and Candida albicans.
Organisms were mixed with nicotine in vitro and
cultured onto blood agar. After re-incubation, CFU of
the number of surviving organisms were counted. Each
data point represents the mean value of 3 replicate
experiments.
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g.i. tract and elsewhere following the use of the nicotine dermal patch,
which leads to systemic absorption of nicotine. As a by-product of these
events, degradation products of altered or dying organisms could con-
tribute or modify the development of various pathologic processes such
as periodontal disease(s) and IBD, as well as enable other micro-
organisms, including newly acquired pathogens, to proliferate and
serve as foci for subsequent infections. On the other hand, nicotine
exposure in the oral cavity could have a subtle beneficial effect on the
host, by limiting the growth of certain respiratory / enteric or in-
digenous opportunistic pathogens that enter the body through the oral/
nasal passages either as the result of inhalation of infectious aerosolized
particles or via the ingestion of contaminated food products. As a
follow-up to these provocative findings, future related studies should
examine whether nicotine exerts its anti-microbial effects against a
much broader range of indigenous microflora than has been studied so
far, along with focusing on the molecular biologic mechanisms and host
pathologic changes associated with nicotine-mediated killing of the oral
and intestinal microflora.

Declaration of Competing Interest

The authors have none to declare.

Acknowledgements

This work was partially supported by funds provided by the
Department of Biomedical Sciences, NYIT College of Osteopathic
Medicine. The authors thank the publisher of the Journal of Medical
Microbiology (JMM) for granting us permission to reuse in this paper,
without being subject to any copyright infringement, some of the ma-
terial previously published by one of us (CSP) in the JMM. We also
thank Jane Pavia for contributing to the design of the graphical ab-
stract.

References

[1] D. Sterlin, C. Fieschi, M. Malphettes, M. Larsen, G. Gorochov, Fadalallah, Immune/
microbial interface perturbation in human IgA deficiency, Gut Microbes 10 (2019)
429–433.

[2] G.I. Robles, D. Singh-Franco, H.L. Ghin, A review of the efficacy of smoking-ces-
sation pharmacotherapies in nonwhite populations, Clin. Ther. 30 (2008) 800–812
10.1016 PMID:18555928.

[3] S. Shiffman, S.M. Scholl, J. Mao, S.G. Ferguson, D. Hedeker, B. Primack,
H.A. Tindle, Using nicotine gum to assist non-daily smokers in quitting: a rando-
mized clinical trial, Nicotine Tob. Res. 22 (2020) 390–397, https://doi.org/10.
1093/ntr/ntz090 PMID:31125988.

[4] J.M. McGinnis, W.H. Foege, Actual causes of death in the United States, JAMA 270
(1993) 2207–2212.

[5] R.C. Read, Systemic effects of smoking, Am. J. Surg. 148 (1984) 706–711.
[6] N.L. Benowitz, Pharmacology of nicotine: addiction, smoking-induced disease, and

therapeutics, Annu. Rev. Pharmacol. Toxicol. 49 (2009) 57–71, https://doi.org/10.
1146/annurev.pharmtox.48.113006.094742.

[7] D. Roberts, P. Cole, Effect of tobacco and nicotine on growth of Haemophilus in-
fluenzae in vitro, J. Clin. Pathol. 32 (1979) 728–731.

[8] D. Bardell, Viability of six species of normal oropharyngeal bacteria after exposure

to cigarette smoke in vitro, Microbios 32 (1981) 7–13.
[9] E.D. Srivastava, J.R. Barton, S. O’Mahoney, D.I. Philips, G.T. Williams,

N. Matthews, et al., Smoking, humoral immunity, and ulcerative colitis, Gut 32
(1991) 1016–1019.

[10] S. Zhang, T.M. Petro, The effect of nicotine on murine CD4 T cell responses, Int. J.
Immunopharmacol. 18 (1996) 467–478.

[11] M.L. Sopori, W. Kozak, S.M. Savage, Y. Geng, M.J. Kluger, Nicotine-induced mod-
ulation of T cell function. Implications for inflammation and infection, Adv. Exp.
Med. Biol. 437 (1998) 279–289.

[12] M.M. Wegorzewska, R.W.P. Glowacki, S.A. Hsieh, D.L. Donermeyer, C.A. Hickey,
S.C. Horvath, et al., Diet modulates colonic T cell responses by regulating the ex-
pressing of a Bacteroides thetaiotamicron antigen, Sci. Immunol. 4 (32) (2019),
https://doi.org/10.1126/sciimmunol.aau9079 pii: eaau9079, PMID: 30737355.

[13] C.G. McAllister, A.R. Caggiula, S. Knopf, L.H. Epstein, A.L. Miller, S.M. Antelman,
et al., Immunological effects of acute and chronic nicotine administration in rats, J.
Neuroimmunol. 50 (1994) 43–49 PMID: 8300857.

[14] J. Ferguson, Maternal microbial molecules affect offspring health, Science 367
(2020) 978–979.

[15] N. Ma, P. Guo, T. He, S.W. Kim, G. Zhang, X. Ma, Nutrients mediate intestinal
bacteria – mucosal immune crosstalk, Front. Immunol. 9 (2019) 2–33.

[16] W.J. Sandborn, W.J. Tremaine, K.P. Offord, G.M. Lawson, B.T. Petersen, K.P. Batts,
et al., Transdermal nicotine for mildly to moderately active ulcerative colitis, Ann.
Intern. Med. 126 (1997) 363–371.

[17] N. Ma, J. Zhang, R.J. Reiter, X. Ma, Melatonin mucosal immune cells, microbial
metabolism, and rhythm crosstalk: a therapeutic target to reduce intestinal in-
flammation, Med. Res. Rev. 40 (2020) 606–632.

[18] A. Elkrief, L. Derosa, L. Zitvogel, G. Kroener, B. Routy, The intimate relationship
between gut microbiota and cancer immunotherapy, Gut Microbes 10 (2019)
429–433.

[19] J. Bagaitkar, D.R. Demuth, D.A. Scott, Tobacco use increases susceptibility to
bacterial infection, Tob. Induc. Dis. (2008), https://doi.org/10.1186/1617-9625-4-
12 published online Dec 18.

[20] T. Hanioka, M. Morita, T. Yamamoto, K. Inagaki, P.L. Wang, H. Ito, et al., Smoking
and periodontal microorganisms, Dent. Sci. Rev. 55 (2019) 88–94, https://doi.org/
10.1016/j.jdsr.2019.03.002 Epub 2019 Apr 24.

[21] R. Qandil, H.S. Sandhu, D.C. Matthews, Tobacco smoking and periodontal diseases,
J. Can. Dent. Assoc. 63 (1997) 187-92, 194-5.

[22] U. Wadgave, l. Nagesh, Nicotine replacement therapy: an overview, Int. J. Health
Sci. 10 (2016) 425–435.

[23] S. Cussotto, G. Clarke, T.G. Dinan, J.F. Cryan, Psychotropics and the microbiome: a
chamber of secrets…, Psychopharmacology (Berl) 236 (2019) 1411–1432, https://
doi.org/10.1007/s00213-019-5185-8 [Epub ahead of print] Review. PMID:30806.

[24] A.P. van Dijk, M.A. Meijssen, A.J. Brouwer, W.C. Hop, J.D. van Bergeijk,
C. Feyerabend, et al., Transdermal nicotine inhibits interleukin 2 synthesis by
mononuclear cells derived from healthy volunteers, Eur. J. Clin. Invest. 28 (1998)
664–671 PMID: 9767362.

[25] S.J. Van Deventer, Tumour necrosis factor and Crohn’s disease, Gut 40 (1997)
443–448 PMID: 9176068.

[26] B.E. Sands, G.G. Kaplan, The role of TNFalpha in ulcerative colitis, J. Clin.
Pharmacol. 47 (2007) 930–941.

[27] G. Poggioli, S. Laureti, M. Campieri, F. Pierangeli, P. Gionchetti, F. Ugolini, et al.,
Infliximab in the treatment of Crohn’s disease, Ther. Clin. Risk Manage. 3 (2007)
301–308 PMID: 18360638.

[28] V. Kumar, A.K. Abbas, J.C.A. Aster, Robbins and Cotran, Pathologic Basis of
Disease, 9th ed., Elsevier Saunders, Philadelphia, PA, 2014, pp. 796–798.

[29] M.A. Ghannoum, R.J. Jurevic, P.K. Mukherjee, F. Cui, M. Sikaroodi, A. Naqvi, et al.,
Characterization of the oral fungal microbiome (mycobiome) in healthy in-
dividuals, PLoS Pathog. 6 (2010), https://doi.org/10.1371/journal.ppat.1000713
e1000713.

[30] Ma X. Man, Dietary amino acids and the gut-microbiome axis: physiological me-
tabolism and therapeutic prospects, Compr. Rev. Food Sci. Food Saf. 18 (2019)
221–242.

[31] C.S. Pavia, A. Pierre, J. Nowakowski, Antimicrobial activity of nicotine against a
spectrum of bacterial and fungal pathogens, J. Med. Microbiol. 49 (2000) 675–676.

[32] M.A.H. Russell, M.J. Jarvis, G. Devitt, C. Feyerbend, Nicotine intake by snuff users,
Br. Med. J. 283 (1981) 814–817.

C.S. Pavia and M.M. Plummer Biomedicine & Pharmacotherapy 129 (2020) 110404

4

http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0005
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0005
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0005
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0010
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0010
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0010
https://doi.org/10.1093/ntr/ntz090
https://doi.org/10.1093/ntr/ntz090
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0020
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0020
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0025
https://doi.org/10.1146/annurev.pharmtox.48.113006.094742
https://doi.org/10.1146/annurev.pharmtox.48.113006.094742
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0035
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0035
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0040
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0040
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0045
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0045
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0045
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0050
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0050
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0055
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0055
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0055
https://doi.org/10.1126/sciimmunol.aau9079
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0065
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0065
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0065
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0070
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0070
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0075
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0075
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0080
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0080
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0080
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0085
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0085
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0085
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0090
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0090
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0090
https://doi.org/10.1186/1617-9625-4-12
https://doi.org/10.1186/1617-9625-4-12
https://doi.org/10.1016/j.jdsr.2019.03.002
https://doi.org/10.1016/j.jdsr.2019.03.002
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0105
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0105
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0110
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0110
https://doi.org/10.1007/s00213-019-5185-8
https://doi.org/10.1007/s00213-019-5185-8
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0120
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0120
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0120
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0120
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0125
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0125
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0130
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0130
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0135
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0135
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0135
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0140
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0140
https://doi.org/10.1371/journal.ppat.1000713
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0150
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0150
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0150
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0155
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0155
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0160
http://refhub.elsevier.com/S0753-3322(20)30597-7/sbref0160

