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Abstract 

The lungs, in addition to participating in gas exchange, represent the first line of defense against inhaled pathogens 
and respiratory toxicants. Cells lining the airways and alveoli include epithelial cells and alveolar macrophages, the 
latter being resident innate immune cells important in surfactant recycling, protection against bacterial invasion and 
modulation of lung immune homeostasis. Environmental exposure to toxicants found in cigarette smoke, air pollution 
and cannabis can alter the number and function of immune cells in the lungs. Cannabis (marijuana) is a plant-derived 
product that is typically inhaled in the form of smoke from a joint. However, alternative delivery methods such as vap-
ing, which heats the plant without combustion, are becoming more common. Cannabis use has increased in recent 
years, coinciding with more countries legalizing cannabis for both recreational and medicinal purposes. Cannabis 
may have numerous health benefits owing to the presence of cannabinoids that dampen immune function and 
therefore tame inflammation that is associated with chronic diseases such as arthritis. The health effects that could 
come with cannabis use remain poorly understood, particularly inhaled cannabis products that may directly impact 
the pulmonary immune system. Herein, we first describe the bioactive phytochemicals present in cannabis, with an 
emphasis on cannabinoids and their ability to interact with the endocannabinoid system. We also review the current 
state-of-knowledge as to how inhaled cannabis/cannabinoids can shape immune response in the lungs and discuss 
the potential consequences of altered pulmonary immunity. Overall, more research is needed to understand how 
cannabis inhalation shapes the pulmonary immune response to balance physiological and beneficial responses with 
potential deleterious consequences on the lungs.
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Introduction
Cannabis, commonly referred to as marijuana, is a flow-
ering plant belonging to the family of Cannabaceae. Can-
nabis constitutes a single diverse species called C. sativa 
L. with C. sativa, C. indica, and C. ruderalis being con-
sidered varieties [1]. C. sativa L. can be found in a variety 
of different habitats and altitudes, ranging from sea level 
to the foothills of the Himalayas [2]. Cannabis can be 
grown both indoors and outdoors and is dioecious (i.e., 
separate male and female plants). Cannabis is the third 
most prevalent psychoactive substance consumed after 
alcohol and tobacco [3–6]. Cannabis is also the most 
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commonly-used illicit substance, with approximately 150 
million users worldwide [7]. The psychoactive abilities 
of cannabis are due to the presence of the cannabinoid 
Δ9-tetrahydrocannabinol (Δ9-THC), but there are more 
than 100 other cannabinoids that could have alternative 
pharmacological properties. The most popular way to 
consume cannabis is smoking the dried plant in the form 
of a joint or using a water pipe. Cannabis smoke contains 
products of combustion, many of which are respiratory 
toxicants that could damage the lungs. Other methods 
of inhalation include vaporization which heats the dried 
plant material to generate a vapor. Heating without burn-
ing also releases cannabinoids but does not produce 
compounds caused by combustion. In the past few years, 
there has been increased interest in employing cannabis-
based products as therapeutics, simultaneously with an 
increase in the flexibility in laws and regulations regard-
ing the personal use of cannabis [8–10]. Due to legal 
restrictions however, over the last century, there are sig-
nificant gaps in our understanding of how cannabis func-
tions in the body, including how various inhaled products 
affect the pulmonary immune system. In this article, we 
provide an overview of the cannabis plant and its chemi-
cal components, the biology of the endocannabinoid 
system (ECS) and summarize current findings about the 
modulation of the pulmonary immune response from 
inhalation of cannabis products, including smoke and 
vapor. We further highlight the key areas where addi-
tional research is needed on this enigmatic plant and the 
consequences of its use.

Historical advents of cannabis use
The cultivation of Cannabis sativa L. can be traced back 
at least 12,000 years, placing C. sativa L. among human-
ity’s oldest cultivated crops [11]. The earliest cultural evi-
dence of cannabis use dates from 4800 BCE and involves 
the Yangshao, a Neolithic culture in China that appeared 
along the Yellow River Valley [11]. Cannabis stem-derived 
fibers were used to manufacture strings, ropes, textiles 
and paper, some of which have been discovered in the 
tomb of Emperor Wu (104-87 BCE) of the Han dynasty 
[11]. The first recorded use of cannabis as a medicinal 
drug was recorded in 2737 B.C. by the Chinese emperor 
Shen Nung in the world’s oldest pharmacopoeia, the pen-
ts’ao ching [12], who documented its effectiveness in the 
treatment of pain associated with rheumatism, intesti-
nal disorders, gout and malaria, among others (Fig.  1). 
Other ancient Chinese texts describe cannabis as a hal-
lucinogen in the context of shamanism, which was wide-
spread in regions of Central and Western Asia, as well 
as India, leading to an increase in cannabis use in those 
regions [13]. The medical and religious uses of cannabis 
in India can be dated to around 1000 BCE, with the plant 

having many applications including as an analgesic, anti-
inflammatory, antibiotic and diuretic [14]. Other regions 
and cultures that have documented evidence of canna-
bis use prior to the Common Era include Tibet, where 
botany played a key component in their pharmacopeia. 
Cannabis, which was considered sacred, was very plenti-
ful in that region and was commonly used in meditation 
[12]. There is also historical and archaeological evidence 
of cannabis use prior to the Common Era in Europe. 
Evidence suggests that the plant accompanied Scythian 
invaders that had originated in Central Asia and settled 
near the Mediterranean [15]. According to Herodotus, 
Scythians in the year 450 B.C. inhaled the vapors pro-
duced from burning cannabis seeds during a funeral cer-
emony for ritualistic and euphoric purposes. Consistent 
with this, archaeologists have discovered charred can-
nabis seeds in Scythian tombs [15]. Similarly, archaeolo-
gists unearthed thirteen female cannabis plants from an 
ancient tomb in northern China that were found lying 
diagonally across a man believed to be a shaman [16].

At the dawn of the Common Era, there are references 
to the use of cannabis seed-oil as a means to treat ear-
aches and to deter insects [14, 15]. The use of cannabis 
in Africa has been documented since the fifteenth cen-
tury and is believed to have originated from Arab traders 
that had a connection with India [17]. Uses of cannabis 
in Africa tended to differ from those of other cultures 
and regions, where its uses include snakebite, childbirth, 
malaria, asthma, and dysentery. In the same period, the 
medical use of cannabis remained very popular in India 
and had spread to regions in the Middle East and Africa. 
Cannabis gradually spread westward and was brought to 
Europe in 1150 initially to Spain and eventually to Italy 
[15]. In sixteenth century Europe, the use of cannabis 
was restricted to its cultivation for fibers, with very few 
references to the medicinal properties of the plant. The 
cultivation of cannabis in these regions has been docu-
mented in texts starting in the eighteenth century, with 
references to the distinctions between male and female 
cannabis plants [15].

European interest in the potential medical properties of 
cannabis was only kindled in the nineteenth century. In 
1839, William O’Shaughnessy (Fig. 1), an Irish physician 
who tested its effectiveness in several pathologies, pub-
lished on the effects of cannabis in animals and humans 
[18]. O’Shaughnessy noted that cannabis was capable of 
pain relief in patients, although it was not an effective 
treatment for cholera or rheumatism. In conditions char-
acterized by muscle spasms such as tetanus and rabies, 
cannabis was able to ease spasticity [18]. Ultimately, the 
work by O’Shaughnessy [18–20] lead to wider interest 
in the medicinal properties of cannabis in the Western 
world. The first cannabis monograph was introduced 
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Fig. 1  Timeline of cultural and medical milestones in cannabis. Summary of events beginning with the first recorded use of cannabis in 2737 B.C. 
up until the federal legalization of cannabis in Canada for both medicinal and recreational use
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into the 3rd edition of the American Herbal Pharmaco-
poeia in 1851, classifying cannabis as a botanical medi-
cine. This increased interest led to 100 scientific articles 
being published in the latter half of the nineteenth cen-
tury on the therapeutic effects of cannabis [21], including 
a report on the isolation of the first cannabinoid (can-
nabinol [CBN]) in 1899 [22]. During late nineteenth and 
early twentieth century, various laboratories were selling 
cannabis extracts. However, the medical use of cannabis 
tapered off in the early decades of the twentieth century 
due in part to the Marihuana Tax Act of 1937 (Fig.  1), 
and cannabis was removed from the American Herbal 
Pharmacopoeia in 1942. Today, the production and sale 
of cannabis has been legalized in many countries such as 
Australia, Canada, Chile, Colombia, Germany, Jamaica, 
the Netherlands, and Peru [8–10]. This has led to a resur-
gence of cannabis research and a better understanding 
of C. Sativa L. chemistry and its associated impact on 
human physiology.

Chemical overview of C. sativa L.
With the increased legalization and social acceptance, 
cannabis has become a promising plant for medicinal 
use. However, regulations for cannabis remain stringent, 
largely because of the presence of Δ9-THC, the cannabi-
noid that causes psychoactive effects associated with its 
use. Cannabis is a chemically complex plant, and more 
than 500 compounds have been isolated from C. sativa 
L. [23, 24]. The general classes of these compounds—col-
lectively referred to as secondary metabolites—include 
flavonoids, terpenes, as well as cannabinoids. Flavonoids 
are naturally occurring polyphenolic compounds that 
play multifunctional roles in the defense mechanisms 
of plants. Cannabis contains approximately 20 differ-
ent flavonoids including cannflavin (A, B and C), vitexin, 
isovitexin and apigenin. Terpenes are aromatic organic 
hydrocarbons produced by a variety of plants and some 
insects. Terpenes are the primary constituents of essen-
tial oils and are responsible for determining how plants/
fruits smell and protect plants by repelling insects and 
herbivores. Terpenes are used commonly as food addi-
tives and in cosmetic products such as soaps and per-
fumes [25]. Cannabis contains over 200 terpenes, largely 
monoterpenes and sesquiterpenes such as limonene 
(common to lemon and other citrus), α-pinene (com-
mon to rosemary and pine trees), linalool (common to 
lavender), β-Caryophyllene (found in black pepper) and 
α-bisabolol (found in chamomile).

Cannabinoids are terpenophenolic compounds with 
a ring structure derived from a C10 monoterpene subu-
nit. The production of cannabinoids mainly occurs in the 
secretory head cells of the glandular trichomes [26] that 
are particulary concentrated in the bracts and flowers 

of the female inflorescence [27]. There are over 120 can-
nabinoids which are classified into 11 general types based 
upon their structure: Δ9-THC, Δ8-THC, cannabigerol 
(CBG), cannabichromene (CBC), cannabidiol (CBD), 
cannabinodiol (CBND), cannabielsoin (CBE), cannabi-
cyclol (CBL), cannabinol (CBN), cannabitriol (CBT) and 
miscellaneous types [23]. The biosynthesis of cannabi-
noids follows the plastidial methylerythritol phosphate 
(MEP) pathway that has been described elsewhere and is 
summarized in Fig. 2 [28, 29]. Cannabis is used primar-
ily because of its cannabinoids, and cannabis varieties 
can be differentiated based on their cannabinoid profile 
as being primarily Δ9-THC dominant or CBD dominant 
[30]. Δ9-THC was isolated in 1964 [31], a period that saw 
increased cannabis consumption throughout the west-
ern world. In 1967, the percentage of young adults who 
had used cannabis more than once was 5%; by 1971 usage 
increased to 44%, and by 1980 was 68% [32]. Today, can-
nabis is still the most commonly-used illicit substance, 
with approximately 150 million users worldwide [7].

Cannabis consumption
There are a variety of ways in which people use cannabis, 
including oral (e.g., edibles, oils) and inhaled (vapor, aer-
osol, and smoke). However, the most common method of 
cannabis consumption (74% of users [33]) is inhalation of 
the smoke produced from combustion of the dried can-
nabis flower from a joint or water pipe [34]. Cannabis 
is the second most-smoked product after tobacco [35], 
although alternative methods of cannabis use are becom-
ing popular, including vaporization, a technique that 
heats the dried plant without igniting it; both heating and 
burning release cannabinoids.

Pharmacokinetics of inhaled cannabis
The bioavailability of cannabinoids differs depending on 
the route of consumption, with marked differences in 
bioavailability between oral and inhaled cannabis due to 
its lipophilic characteristics, poor aqueous solubility, and 
significant first-pass metabolism [36, 37]. Only 10–20% 
of Δ9-THC reaches the systemic circulation when taken 
orally [38]. Δ9-THC is almost instantly absorbed into 
the bloodstream after inhalation whereas absorption 
after oral ingestion can take an hour or more. Cannabi-
noids do exhibit similar pharmacokinetics (PK) regard-
less of whether they are generated from cannabis vapor 
or smoke [39]. After inhalation, Δ9-THC and CBD peak 
plasma concentrations have a rapid onset (3–10  min) 
[37, 40]. Bioavailability of inhaled Δ9-THC and CBD has 
high inter-subject variability due to variations in param-
eters such as puff duration, inhalation volume, inhala-
tion device, and site of particle deposition [40, 41]. Once 
absorbed, cannabinoids initially distribute to highly 
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vascular organs such as the lungs, heart, brain, and liver 
[42]. Next, cannabinoids distribute to the less vascular-
ized tissue and finally, accumulate in adipose tissue due 
to their lipophilicity [40]. Subsequent release from adi-
pose tissue can result in maintained cannabinoid activ-
ity for weeks after administration. Δ9-THC and CBD 
both have high volumes of distribution (10  L/kg and 
3.4 L/kg, respectively) [40]. Metabolism of Δ9-THC and 
CBD occurs primarily in the liver via phase-I and phase-
II enzymes [43]. Δ9-THC is metabolized primarily by 
CYP2C9 and CYP2C19 while CBD is metabolized by 
CYP2C19 and CYP3A4 [43]. Δ9-THC and CBD are elimi-
nated through feces and urine. Both Δ9-THC and CBD 
have two compartment half-lives. Δ9-THC has an initial 
half-life of 4  h and a terminal half-life of 25–36  h [40]. 
CBD has an initial half-life of 1–2 h and a terminal half-
life of 18–32 h [44].

Biological activity of the endocannabinoid system
Once in the body, Δ9-THC and CBD exert their effects 
via the endocannabinoid system (ECS).The identification 
of the specific binding sites for Δ9-THC in the brain [45], 
complemented by the cloning of the cannabinoid recep-
tor 1 (CB1), that led to the development of the concept 
of a ‘cannabinoid receptor system’ given the binding of 
Δ9-THC to CB1 as a partial agonist [46]. This was rein-
forced shortly afterward with the identification of the 
cannabinoid receptor 2 (CB2) [47], which in turn led to 
the discovery of the ECS [48]. The ECS is a widespread 
neuromodulator system that plays an important role in 
central nervous system (CNS) development and synap-
tic plasticity [49] as well as the regulation of sleep, mood, 
memory, appetite, reproduction, and pain sensation. 
The ECS comprises the cannabinoid receptors (CBRs), 
their endogenous ligands (endocannabinoids) and the 

Fig. 2  Biosynthesis of cannabinoids and structural differences between Δ9-THC and CBD. Conversion of olivetolic acid to cannabigerolic 
acid (CBGA) occurs through the use of aromatic prenyltransferase. CBGA acts as the point of differentiation from which cannabinoid-specific 
FAD-oxidases (THCA synthase & CBDA synthase) convert CBGA to precursor cannabinoid acids. Subsequent decarboxylation of cannabinoid acids 
results in active cannabinoids. Δ9-THC forms a cyclic ring whereas CBD has a hydroxy group resulting three-dimensional structural differences
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enzymes/proteins involved their biosynthesis, degrada-
tion, and re-uptake.

Endocannabinoids
Endocannabinoids are a family of bioactive lipids derived 
from arachidonic acid metabolism that activate CBRs. 
These endogenous cannabinoids include anandamide 
(AEA or N-arachidonoylethanolamide) and 2-arachi-
donoylglycerol (2-AG) [50–53]. In contrast to neuro-
transmitters, endocannabinoids are not stored in vesicles 
or cells but are synthesized on demand from lipid pre-
cursors in response to increases in intracellular calcium 
[54]. In the CNS, endocannabinoids mediate retrograde 
signaling that begins with the synthesis of 2-AG or AEA 
in the postsynaptic membrane. 2-AG or AEA is then 
liberated into the synaptic cleft and interact with CB1 
receptors in the presynaptic membrane. Activated CB1 
receptors block neurotransmitter release by inhibiting 
voltage-gated Ca2+ channels, decreasing presynaptic 
Ca2+ influx or through the adenylyl cyclase-mediated 
cAMP/protein kinase A (PKA) pathway [55, 56]. Finally, 
their actions are terminated by the degradation of 2-AG 
by monoacylglycerol lipase (MAGL) and AEA by fatty 
acid amide hydrolase (FAAH) [57].

Cannabinoid receptors
2-AG is a high-efficacy agonist of the CB1 and CB2 
with Ki values of 472  nM and 1400  nM, whereas AEA 
is a very low-efficacy agonist for CB1 and a low-efficacy 
agonist for CB2 receptors with Ki values of 5810  nM 
and 1930 nM, respectively [58, 59]. The exogenous can-
nabinoids Δ9-THC and CBD also interact with CBRs. 
Structurally, Δ9-THC and CBD share exactly the same 
molecular formula (C21H30O2), but differ in that Δ9-THC 
forms a cyclic ring whereas CBD forms a hydroxy group 
[60]. While Δ9-THC exists in a planar conformation, 
CBD adopts a conformation in which the two rings are 
at a right angle to each other. This molecular difference 
influences interactions with CBRs, such that CBD is una-
ble to bind to CB1. Δ9-THC produces hypoactivity, hypo-
thermia as well as spatial and verbal memory impairment 
via CB1 [61]. Conversely, CBD is non-psychoactive and 
does not regulate locomotor activity, body temperature 
or memory. Furthermore, activation of CB2 is devoid of 
any psychotropic effects [62].

CB1 and CB2 share 44% amino acid homology and are 
G protein-coupled receptors (GPCRs). Agonist bind-
ing results in a conformational change that causes the 
G-inhibitory (Gi) alpha subunit to dissociate from the G 
beta-gamma (Gβγ) dimer and the receptor. Upon release, 
the Gβγ subunit inhibits voltage-dependent calcium 
channels and activates inward rectifying potassium chan-
nels. Ultimately, activation of CB1 and CB2 results in the 

stimulation of mitogen-activated protein kinase (MAPK) 
activity and the inhibition of cyclic AMP (cAMP) produc-
tion. CB1 is expressed throughout the CNS with expres-
sion being densest in areas of cognition and short-term 
memory as well as those regions associated with motor 
function and movement. CB1 receptors are expressed to 
a lesser degree in peripheral tissues but are present in the 
liver, thyroid, uterus, and bones [63]. The reported acute 
effects of cannabis on bronchodilation are attributed to 
the activity of Δ9-THC on the CB1 receptors of the axon 
terminals of postganglionic vagal nerves in the airway 
[64]. Conversely, the expression of CB2 within the CNS is 
minimal but has been detected under certain pathologi-
cal conditions including nerve injury and inflammation. 
The expression of CB2 is present in organ systems such 
as the gastrointestinal system as well as immune tissue. 
Both CB1 and CB2 are expressed within the respiratory 
system [65] although comprehensive evaluation is lack-
ing. CB2 expression may play a protective role the lungs. 
Preclinical studies show that CB2-deficient mice are sus-
ceptible to acute lung injury [66, 67] and that CB2 activa-
tion prevents airway epithelial permeability in vitro [68].

Other GPCRs
The interaction of cannabinoids with endogenous recep-
tors is not limited to CB1 and CB2 but includes other 
(orphan) GPCRs, including GPR5, GPR18, GPR55, 
GPR92 and GPR119 [69]. The pharmacology of these 
orphan receptors displays significant overlap with CB1 
and CB2, particularly for GPR18 and GPR55, although 
our understanding of these receptors within the respira-
tory system remains limited. Cell-based studies indicate 
that GPR55 is activated by Δ9-THC, CBD, certain syn-
thetic cannabinoids, and the endocannabinoids AEA and 
2-AG [69]. GPR55 differs from CB1 and CB2 in that it is 
coupled to the G12/13α subunit rather than the Giα sub-
unit and increases levels of intracellular calcium upon 
activation [70]. Compared to CB1 and CB2, GPR55 has 
limited sequence homology of 14% and 15%, respectively 
[71]. However, cannabinoids such as Δ9-THC have weak 
GPR55 activity while CBD may be an antagonist of the 
receptor. GPR55 is highly expressed in the adrenals, the 
small intestine, and the CNS [70]. GPR18 is expressed 
within immune tissues such as the spleen, thymus, and 
lymph nodes [72]. Δ9-THC, CBD and anandamide act as 
partial agonists of GPR18 [73]. Of the previously men-
tioned GPCRs, GPR119 has the most limited homol-
ogy with CB1 and CB2 receptors; however endogenous 
ligands that have demonstrated activity at these receptors 
also have activity for GPR119 [74]. GPR119 is expressed 
mainly in the brain, the pancreas and the gastrointestinal 
tract, where it is implicated in metabolism and glucose 
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tolerance by acting on pancreatic beta-cells and intestinal 
endocrine cells [75].

Other receptors
Cannabinoids can also interact with non-GPCRs, includ-
ing the adenosine receptors, the vanilloid receptor 1 
(TRPV1) and peroxisome proliferator activated receptors 
(PPARs). There are four known adenosine receptors—
A1, A2A, A2B, and A3 [76]. Their primary ligand is the 
purine nucleoside adenosine, which functions in miti-
gating excessive cellular damage and inflammation dur-
ing periods of acute stress [77]. Cannabinoids, including 
CBD have immunosuppressive effects through an inhibi-
tion of adenosine uptake, thereby promoting enhanced 
adenosine signaling [78]. The protective effects of aden-
osine are mediated by A2A receptors that can be found 
on virtually all immune cells [77]. Their activation leads 
to inhibition of T cell differentiation, downregulation of 
neutrophil superoxide production, as well as an inhibi-
tion of pro-inflammatory cytokine production [76].

TRPV1 is a homotetrameric membrane protein 
belonging to the transient receptor potential channel 
(TRP) family of which there are six known channels. 
This receptor is found predominantly within afferent 
sensory neurons and is involved in processes including 
body temperature, nociception, and detection of nox-
ious environmental stimuli [79]. TRPV1 may be activated 
by several exogenous and endogenous stimuli. The best 
characterized activators include temperatures greater 
than 43  °C, low pH, capsaicin, and allyl isothiocyanate 
[80]. TRPV1 activation promotes the influx of calcium 
as a second messenger for the induction of pro-inflam-
matory cytokines and chemokines. Cannabinoids such 
as CBD can bind TRPV1 [80]. It has been proposed that 
the interaction between cannabinoids and TRPV1 leads 
to the desensitization of the receptor which subsequently 
contributes to an analgesic phenotype [80]. As such, the 
role of TRPV1 receptors in mediating the pharmacologi-
cal effects of cannabinoids is of particular interest.

Finally, reporter gene assays have indicated that CBD 
and other cannabinoids activate nuclear PPARs (α, β and 
γ). PPARs are ligand-activated receptors that play diverse 
biological roles in energy homeostasis and fatty acid 
metabolism. PPARs can be found throughout the body, 
including in immune and structural cells. Although sev-
eral studies indicate that PPARs mediate the anti-inflam-
matory effects of cannabinoids [81, 82], the mechanism is 
not definitively established.

Cannabinoid modulation of immune function
Given their immune modulatory potential, the therapeu-
tic potential of cannabinoids, particularly Δ9-THC and 
CBD, is of considerable interest. Cannabinoids reduce 

inflammation in a number of preclinical models of dis-
ease, including arthritis [83], multiple sclerosis (MS) [84, 
85], inflammatory bowel disease (IBD) [86–89] and type 
1 diabetes (T1D) [90–93]. Many of these effects are pro-
posed to occur through CB2. Moreover, CB2 is expressed 
by various immune cells including B cells, macrophages, 
monocytes, natural killer (NK) cells, and T cells, suggest-
ing that cannabinoids affect both the innate and adaptive 
immune systems. The effects of cannabis and select can-
nabinoids on immunological function has largely been 
assessed utilizing in  vitro models; little is known about 
how inhaled products impact lung immunity specifically. 
A summary is provided below.

Innate immunity
The innate immune system functions in collabora-
tion with adaptive immunity in order to mount a full 
immune response to a pathogen or noxious substance. 
In the lungs, the innate immune system is comprised of 
physiological barriers (respiratory epithelium, mucus, 
surfactant) and immunological components, including 
resident/recruited immune cells. Below is an overview 
of the innate immune system and key features that are 
affected by cannabinoids.

Natural killer (NK) cells
NK cells protect against infectious pathogens and limit 
the degree to which infection spreads via the termina-
tion of infected cells. NK cells are effector lymphocytes 
that possess qualities of innate and adaptive cells, includ-
ing immunological memory, thus spanning both arms of 
immunity [94]. Few studies have investigated the effect 
of cannabinoids on NK cells. In response to Δ9-THC or 
CBD in vitro, there is an inhibition of the expression of 
inflammatory mediators including IL-8, MIP-1α, MIP-1β, 
RANTES, TNF-α, GM-CSF, and IFN-γ [95]. Δ9-THC can 
suppress NK cell function including cytolytic activity in 
rats, mice, as well as humans [96–98]. This effect is likely 
dependent on CB receptors, as Δ9-THC can inhibit NK 
cell cytolytic activity, which could be reversed by antago-
nists targeting either CB1 or CB2 [99].

Neutrophils
Neutrophils are a short-lived cell with a half-life in the 
circulation of approximately 1.5–12.5  h in mice [100]. 
Neutrophils play important roles in early anti-microbial 
responses destruction through the release of proteins 
such as neutrophil elastase and matrix metalloprotein-
ases (MMPs) as well as reactive oxygen species (ROS). 
Neutrophils are among the first cells recruited to the site 
of injury, including in the lungs in response to inhaled 
toxicants such as cigarette smoke. In addition, the 
lungs are a major neutrophil reservoir, and circulating 
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neutrophils retained in the lung microvasculature 
are known as the lung-marginated neutrophil pool [101]. 
Despite being one of the first cells shown to express CB2, 
few studies have described how neutrophils respond to 
cannabinoids. It has, however, been shown that, can-
nabinoids induce the release of lysosomal enzymes from 
neutrophils in addition to modulating their response to 
chemokines [102]. Cannabinoids can also inhibit super-
oxide formation by neutrophils independent of CB1 or 
CB2 [103]. Thus, the current body of literature describing 
the interaction between cannabinoids and neutrophils is 
rather sparse and warrants further investigation.

Mast cells
Mast cells are bone marrow-derived cells commonly 
found within connective and mucosal tissues. These 
cells play a predominant role in mediating inflammatory 
reactions, including allergic reactions such as asthma. 
Currently, the detection of CBRs on mast cells has been 
inconsistent. One study using human mast cells was una-
ble to detect CB1 or CB2 but did demonstrate an ability 
to transport and release large quantities of AEA [104]. 
Conversely, two mast cell lines do express CB1 and CB2 
at both the mRNA and protein level [105] and another 
study detected CB2 mRNA in rat peritoneal mast cells 
although administration of Δ9-THC dose-dependently 
released histamine irrespective of the CBRs [106]. Simi-
larly, AEA, WIN 55212-2 or HU-210 can induce secre-
tion of histamine in rat mast cells, an effect that was also 
independent of the CBRs [107]. Thus, more to research 
needs to be done with regards to the role of cannabinoids 
in mast cell immunology.

Dendritic cells (DCs)
DCs are specialized antigen-presenting cells (APCs) 
that can initiate immune responses and contribute to 
the development of T cell-mediated immunity. Compo-
nents of the ECS are present in DCs, including CB1 and 
CB2 in addition to anandamide, 2-AG and FAAH [108]. 
In  vivo administration of Δ9-THC decreases the num-
ber of splenic DCs as well as reducing the expression of 
MHC II [109]. Δ9-THC and AEA induce apoptosis in 
murine bone marrow-derived DCs through an activation 
of caspases 2, 8, and 9. This effect was dependent on the 
engagement of the cannabinoids with both CB1 and CB2 
[109]. Δ9-THC inhibits the differentiation of monocytes 
into antigen-presenting dendritic cells (DCs), prevent-
ing DCs from stimulating T cell proliferation or maturing 
into functional effector/memory T cells [110]. Collec-
tively, these studies suggest that DCs may be important 
peripheral targets for cannabinoids.

Macrophages
Macrophages are a heterogeneous population that are 
positioned throughout the body to facilitate the ingestion 
of dead cells, debris, foreign material, and the orchestra-
tion of inflammatory processes [111]. Macrophages are 
also APCs that capture, endocytose and present self or 
foreign antigen on the cell surface to facilitate an adaptive 
immune response. Macrophages typically exist in two 
subsets: classically-activated macrophages (M1) or alter-
natively-activated macrophages (M2) [112]. M1 mac-
rophages are pro-inflammatory and produce cytokines 
such as IL-1β, IL-6, IL-12, and TNF-α. M2 macrophages 
are anti-inflammatory and produce cytokines such as 
IL-10 and TGF-β to suppress inflammation, and con-
tribute to tissue repair and remodeling [112]. M2 mac-
rophages can be further subdivided into M2a, M2b, M2c, 
or M2d (Fig. 3). The M2a phenotype can be induced by 
IL-4 or IL-13 and produce high levels of CD206, decoy 
receptor IL-1 receptor II (IL-1RII) and IL-1 receptor 
antagonist (IL-1Ra) which function to promote tissue 
remodeling. The M2b phenotype can be induced by stim-
ulation with immune complexes (ICs), toll-like receptor 
(TLR) agonists, or IL-1 receptor ligands. The M2b subset 
most accurately reflects the intermediate phase between 
M1 and M2 with the release of both pro- and anti-inflam-
matory cytokines including IL-10, IL-1β, IL-6 and TNF-α 
which promote a Th2 response as well as tissue remod-
eling. M2c macrophages can be polarized by glucocorti-
coids in addition to IL-10 and exhibit anti-inflammatory 
properties against cells undergoing apoptosis via the 
release of IL-10 and TGF-β. Finally, macrophages with 
a M2d phenotype are induced by TLR agonists through 
the adenosine receptor; this leads to a reduction in the 
secretion of pro-inflammatory cytokines and an increase 
in the secretion of anti-inflammatory cytokines.

In vitro studies support the notion that the function 
and polarization of macrophages is significantly altered 
by cannabinoids and/or manipulation of CBRs. In this 
regard, CB1 activation suppresses M2 macrophage 
polarization [113]. Furthermore, selective CB2 activation 
reduces M1 macrophages in favor of M2 polarization 
[114] and increases efferocytosis of apoptotic cells [115]. 
In peritoneal macrophages, Δ9-THC downregulates nitric 
oxide (NO) production as well as TNF-α maturation 
and secretion [116]; Δ9-THC can also impair the phago-
cytic activity of M2 macrophages [117]. Evidence for the 
influence of CBD on macrophage function is sparser. A 
study of the human monocytic cell line U-937 revealed 
differential effects of CBD on IL-8, macrophage chem-
oattractant protein (MCP)-1, and cellular ROS levels. 
Following induction by LPS, CBD attenuated IL-8 and 
MCP-1 production but at the basal level, CBD induced 
the production of IL-8, CXCL1, Serpin E1, IL-6, IFN-y, 
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MCP-1, RANTES, and TNF-α, indicating that the effects 
of CBD may depend on the activation state [118] or ana-
tomical location of the cells. This may be particularly true 
for pulmonary macrophages, given that they are the first 
to encounter inhaled cannabinoids and toxicants from 
combustion.

Adaptive immunity
Adaptive immunity protects against specific infec-
tious organisms and is carried out primarily by B- and 
T-lymphocytes that confer immunological memory. Δ9-
THC and CBD affect both B-and T-cell function, includ-
ing proliferation, survival, and antibody production 
[119–122].

T cells
Δ9-THC inhibits proliferation of human lymphocytes in 
culture and leads to apoptosis of murine macrophages 
and T cells through the regulation of Bcl-2 and caspase 
activity [122]. The effects of Δ9-THC are significantly 
greater in naïve rather than activated lymphocytes, pos-
sibly the result of decreased CB2 expression in activated 
cells [123]. This was further investigated in a study that 
made use of the CB2 agonist JWH-015 [124] which not 
only inhibited proliferation, but also induced apoptosis in 
naïve- and activated thymocytes. CBD, at concentrations 
in the micromolar range, induces apoptosis in CD4+ and 
CD8+ T cells in a time- and dose-dependent manner 
[125]. Δ9-THC can also increase apoptosis in activated 

Fig. 3  Differing biological and physiological features of macrophage subsets. Monocytes stimulated by macrophage-colony stimulating factor 
(M-CSF) differentiate into M0 macrophages. M0 macrophages subjected to certain stimuli promote a phenotype of either M1, M2a, M2b, M2c, or 
M2d. Each phenotype has characteristic cytokine/chemokine secretion profiles with respective cellular and molecular functions; adapted from [196]



Page 10 of 19Preteroti et al. Respiratory Research           (2023) 24:95 

T cells while simultaneously increasing the number of T 
regulatory (Tregs) cells. Similarly, Δ9-THC and CB2 ago-
nists can suppress the differentiation of monocytes into 
antigen-presenting DCs which results in an inability of 
DCs to stimulate T cell proliferation or to promote their 
differentiation into functional effector/memory T cells 
[110]. This may explain how cannabinoids reduce fea-
tures of diseases like MS in animal models. Administra-
tion of JWH-015 to mice reduced microglial activation, 
abrogated MHC II antigen expression, and decreased 
the number of CD4+ T cells infiltrating the spinal cord. 
Recovery of motor function and reduction in inflamma-
tion were also observed along with extensive remyelina-
tion following JWH-015 [84]. In patients with MS, the 
novel CB2-selective agonist COR167 reduced the pro-
liferation of both peripheral blood mononuclear cells 
(PBMCs) and myelin basic protein-reactive T cells in a 
dose-dependent manner [126].

B cells
B cells express high levels of CB2, and several studies 
have investigated the potential of cannabinoids to modu-
late B cells, the antibody-producing cells of the adaptive 
immune system. Several reports have shown that cannab-
inoids exert a variety of effects on B cells including altered 
proliferation as well as reduced antibody production 
[119]. In contrast, Δ9-THC and the synthetic cannabinoid 
analog WIN 55212-2 promote B cell proliferation [120]. 
Both Δ9-THC and CBD may protect against cell death 
independent of CB1 and CB2 [121]. Endocannabinoids, 
including 2-AG, may stimulate the migration in addition 
to inducing B cell differentiation [127]. It remains to be 
established whether these effects are the result of direct 
interaction with B cells, or an indirect effect mediated 
through T cells or the innate immune system.

Pulmonary consequences of cannabis inhalation
In addition to the release of cannabinoids, smoking can-
nabis also generates a  myriad of  pyrogenic compounds, 
including carcinogens, mutagens, and teratogens, that 
have the potential to cause adverse health outcomes 
[128]. These compounds are similar to those found in cig-
arette smoke [128]. Cigarette smoke and cannabis smoke 
have 231 compounds in common, with 69 of these being 
toxic [128]. In contrast to cigarette smoke, the effects of 
cannabis smoke on the pulmonary system are much less 
well understood. A major challenge is that many cannabis 
smokers also use tobacco products [129]; almost 90% of 
individuals who smoke cannabis also smoke tobacco cig-
arettes [130]. Moreover, there are differences in how peo-
ple inhale cannabis smoke compared to tobacco smokers. 
Cannabis smokers take larger puffs, inhale more deeply, 
and hold their breath four times longer, which leads 

to a different deposition of particles and increased tar 
deposition [131, 132]. Despite being in direct contact 
with inhaled compounds, the impact of cannabis smoke 
on pulmonary immunity remains poorly understood, 
with much of the information centered on assessment 
of immune cell recruitment. In the previous section, we 
highlighted how cannabis may impact immune function. 
Below, we provide the current-state-of knowledge on 
how the smoking of cannabis affects immunity in general 
and within the pulmonary system where data is avail-
able; a collective summary of these findings can be seen 
in Fig. 4.

Cannabis smoke
Impact on the immune system
Given the similarities in combustion products between 
cannabis smoke and cigarette smoke, it has been theo-
rized that there are similar inflammatory effects in the 
lungs from cannabis smoke. Evidence in support of 
this comes from studies in human cannabis smokers in 
whom the number of neutrophils and macrophages are 
increased when compared to non-smokers [133, 134]. 
The increase in macrophages is thought to be the result 
of tissue-infiltrating monocytes migrating in response to 
the inhaled smoke [135]. This may have important con-
sequences, as different macrophage subtypes occur in 
the healthy lung. The lung has two macrophage popula-
tions: alveolar macrophages and interstitial macrophages 
(IMs), which differ based on origin and function. Alveo-
lar macrophages are long-lived, embryonically-derived 
cells that self-renew to maintain their population [136]. 
In response to injury, bone marrow monocytes also 
migrate to the lungs and differentiate into macrophages 
to restore the alveolar macrophage pool. The main func-
tions of alveolar macrophages are to recycle pulmonary 
surfactant, protect against infectious organisms and 
efferocytose apoptotic cells to prevent tissue damage. 
IMs on the other hand are thought to have a mixed ori-
gin, being initially derived from yolk sac precursors, and 
later replaced by circulating monocytes. There are three 
subsets of IMs (IM1, IM2 and IM3) and all are generally 
immunosuppressive/tolerogenic due to their constitutive 
production of IL-10 [137, 138]. Chronic cannabis smoke 
inhalation in animal models leads to recruitment of 
immune cells to the lungs, including macrophages [139]. 
Furthermore, cannabis smoke alters the percentage of 
macrophage subpopulations within the lungs by increas-
ing both tissue-resident and monocyte-derived alveolar 
macrophages as well as the IM1 subpopulation in male 
mice [140]. Phenotypically, macrophages from canna-
bis smokers are significantly enlarged and contain large 
amounts of inclusion bodies and particulates consistent 
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with tar [141]; these macrophages also contain Δ9-THC 
and Δ9-THC metabolites [134].

Like cigarette smoke, exposure to cannabis smoke 
results in functional impairment in macrophages. When 
challenged with a common respiratory pathogen such as 
Staphylococcus aureus (S. aureus), alveolar macrophages 
from cannabis smokers are deficient in both bacte-
rial phagocytosis and killing [142]. The reduced phago-
cytotic ability of alveolar macrophages is marked by 
reduced oxygen consumption and superoxide formation. 
Similarly, alveolar macrophages from cannabis smok-
ers exhibited reduced production of NOS, TNF-α, GM-
CSF, and IL-6 when compared to non-smokers as well 

as tobacco smokers [142]. Incubation of these cells with 
GM-CSF or IFN-y restores NOS production, suggest-
ing that cannabis exposure causes a decrease in cytokine 
priming that weakens host defense. As such, there is evi-
dence to support an immune-suppressive effect of can-
nabis smoke that may impair anti-microbial defenses, 
similar in nature to the alteration of macrophage func-
tion to individual cannabinoids noted above.

Respiratory symptoms and chronic lung disease
Studies suggest that smoking cannabis is associated with 
worsening respiratory symptoms, including cough or 
sputum production, wheezing, and shortness of breath 

Fig. 4  Summary of how cannabis products may impact the pulmonary immune system. Smoking cannabis increases inflammation in the lungs 
that is typified by increased neutrophils and macrophages. Mechanistically, the direct impact of the cannabinoids THC and CBD on various immune 
populations is shown although whether these are also impacted in the lungs from inhaled cannabis products is not known. Generally, cannabinoids 
are immunosuppressive, and prevent cytokine production, proliferation and cell-specific functions (e.g., phagocytosis, antibody production). In 
some cases, cellular differentiation to a more suppressive phenotype (e.g., Tregs) is observed. The functional consequence of these immunological 
changes is not known but is theorized to contribute to chronic lung disease development including lung cancer and COPD. The impact on 
respiratory infections is inconclusive. It is also not known the impact of vaporized cannabis products, including the inhalation of distillates using an 
e-cigarette. More research is needed to understand the evolving and complex interaction between inhaled cannabis products and the pulmonary 
immune system



Page 12 of 19Preteroti et al. Respiratory Research           (2023) 24:95 

[143]. Other reported acute effects of smoking cannabis 
include bronchodilation whereas chronic use may lead to 
increased large airway resistance [64]. The implications 
of these findings in those with chronic lung disease is 
unclear. For example, in people with asthma, an obstruc-
tive lung disease that affects nearly 300 million people 
globally [144], the effect of cannabis on lung function is 
contradictory. Some studies indicate that cannabis smok-
ing exerts bronchodilation [145] while others report that 
cannabis increases symptoms of asthma [146].

The effects of smoking cannabis on the development of 
other lung diseases largely attributed to cigarette smoke, 
including lung cancer and chronic obstructive pulmo-
nary disease (COPD), is unclear and contradictory [147]. 
COPD is a prevalent disease characterized by progres-
sive, irreversible airflow obstruction caused by inhalation 
of noxious particles; the main cause of COPD is cigarette 
smoke. Studies on COPD and cannabis smoke are con-
flicting in humans, with some suggesting a synergy with 
tobacco [148] and others showing no association [149]. 
Few studies have found changes in lung function (FEV1/
FVC) or emphysema in cannabis users although symp-
toms of chronic bronchitis (cough, sputum and wheeze) 
are noted [150]. There remains a lack of convincing data 
on the chronic cannabis smoke inhalation and develop-
ment of alveolar damage [151] and remains equivocal 
owing in part to varying definitions of “joint years”, vari-
ation in usage patterns between cannabis and tobacco 
smokers, changes in the size and strength of cannabis 
cigarettes (“joints”) over time and control for concomi-
tant tobacco use. [130, 151, 152]. There also remain a 
limited number of preclinical studies on cannabis smoke 
inhalation, with existing data supporting a link between 
chronic cannabis smoke and an emphysema-like phe-
notype [139]. Mechanistically, the effects of cannabis 
smoke may be partially related to an effect on alveolar 
macrophages. Although cigarette smoke increases the 
number of alveolar macrophages, paradoxically ciga-
rette smoke also reduces clearance of apoptotic lung 
epithelial cells and neutrophils by macrophages. This 
failure to resolve the inflammatory response may lead to 
emphysema due to secondary necrosis [153–155]. Can-
nabis smoke also functionally impairs the phagocytic 
capacity of alveolar macrophages [142]. Given the immu-
nosuppressive features of cannabis smoke on lung mac-
rophages, a similar response could occur, although more 
research is needed to understand the impact of cannabis 
smoke and cannabinoids on macrophage efferocytosis 
and whether such changes are beneficial or detrimental.

The link between lung cancer and cannabis smoke 
inhalation is equally unclear. Regular cannabis users 
show histopathologic precursors to malignancy devel-
opment, findings that are consistent with non-human 

primate models [156]. However epidemiological, case–
control, and cohort studies have shown no increased 
risk of cancer from   smoking cannabis [133, 157–159] 
and there is a lack of DNA adducts in animal models of 
chronic cannabis exposure [160]. Thus, current evidence 
linking cannabis smoke inhalation and chronic lung dis-
ease development remains limited [161, 162].

Respiratory infections
Respiratory infections cause significant morbidity and 
mortality worldwide, both in the form of primary infec-
tions (e.g., pneumonia) as well as exacerbations (wors-
ening of symptoms) of chronic lung conditions such 
as COPD [163]. Cigarette smoke is well described to 
be a key risk factor for numerous infectious diseases, 
including latent and active tuberculous [164] as well as 
increased risk of severe influenza [165–168]. Evidence 
that cannabis smoke alters susceptibility to respiratory 
infection is lacking but its overall effect on immune func-
tion as noted above suggests the cannabis smoking may 
predispose susceptible individuals to pulmonary infec-
tions, including those that are immune compromised by 
human immunodeficiency virus (HIV) or cancer chemo-
therapy [133, 169].

The recent coronavirus disease-2019 (COVID-19) pan-
demic, caused by the severe acute respiratory syndrome-
coronavirus-2 (SARS-CoV-2) virus, raised the question 
as to whether cannabis had an impact on outcomes. A 
number of factors have been shown to increase risk of 
severe illness after infection with the SARS-CoV-2 virus, 
including age and underlying chronic medical conditions 
including cancer, COPD, cardiovascular disease, and con-
ditions causing an immunocompromised state [170, 171]. 
The presence of underlying medical conditions increases 
the fatality rate from 0.9 to 10.5% [172]. COVID-19 is 
associated with a myriad of symptoms ranging from 
asymptomatic to severe pneumonia and acute respira-
tory distress syndrome (ARDS) leading to death [173]. 
Evidence that cigarette smoke increases the risk of SARS-
CoV-2 infection is inconsistent [174] although there is 
indication that chronic cigarette smoking increases the 
pulmonary expression of the angiotensin converting 
enzyme 2 (ACE2), the entry receptor for SARS-CoV-2 
[175]. This effect may be reversed by smoking cessation 
[176]. The impact of cannabis smoke on SARS-CoV-2 
infection and development of COVID-19 is not known, 
but experimental evidence suggests that CBD alone 
decreases ACE2 expression [177] and inhibits SARS-
Cov-2 replication [178]; there is also evidence that CBD 
reduces COVID-19 related inflammation [179]. Studies 
utilizing over 800 C. sativa strains in 3D human models 
of COVID-19 target tissues (oral, airways, and intestinal) 
noted that high CBD/low THC extracts downregulate 
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ACE2 gene and protein levels [171, 177, 180]. Finally, 
CBD can significantly inhibit SARS-Cov-2 replication 
in mouse models of infection, thereby reducing the viral 
load in the lungs and reducing signs of clinical disease 
[178]. While these experimental studies demonstrate 
that cannabinoids can affect lung damage and inflam-
mation caused by infectious organisms, the route of 
administration is an important variable that may impact 
outcomes and does not often represent human consump-
tion patterns where cannabis is most often inhaled. More 
research is needed to understand how cannabis smoke 
impacts lung injury caused by respiratory infections.

Acute lung injury (ALI)/acute respiratory distress syndrome 
(ARDS)
Both viral and bacterial agents can cause acute lung 
injury (ALI)/acute respiratory distress syndrome (ARDS). 
ALI occurs where there is acute inflammation and dis-
ruption of the vascular endothelium and the alveolar 
epithelium, leading to loss of alveolar-capillary mem-
brane integrity, excessive neutrophil transmigration and 
the release of pro-inflammatory mediators, culminating 
in respiratory failure [181]. Cannabinoids may be effica-
cious in reducing inflammation in the context of ALI. For 
example, in a model of ALI, prophylactic treatment with 
CBD reduces inflammation as well as total lung resist-
ance and elastance [182]. Additionally, in an endotoxin 
B-induced model of lung inflammation in mice, Δ9-THC 
given through intraperitoneal injection decreased mor-
tality, vascular leakage, leukocyte infiltration, as well as 
the concentration of pro-inflammatory cytokines [183]. 
Similarly, Δ9-THC has a therapeutic effect in an LPS-
induced model of ALI in mice whereby intranasal admin-
istration significantly reduced TNF-α levels as well as the 
number of infiltrating neutrophils [184]. Oral administra-
tion of CBD, however, enhances LPS-induced pulmonary 
inflammation [185]. Finally, administration of CBD intra-
peritoneally reduced proinflammatory cytokines in an 
animal model of ARDS induced by a viral mimetic [186], 
suggesting a potential benefit in the treatment of lung 
inflammation/injury from COVID-19.

Vaporized cannabis
While most people consume cannabis via inhalation of 
cannabis smoke, vaporizing cannabis (heating the dry 
plant material) is increasingly popular [187, 188]. Pyro-
genic compounds noted above are predicted to be absent 
or highly reduced in vaporized cannabis [128]. As such, 
vaporizing cannabis is predicted to be a safer alterna-
tive to cannabis smoking. The “Lower-Risk Cannabis Use 
Guidelines” from the Centre for Addiction and Mental 
Health (CAMH) recommend vaporizers as an alterna-
tive to smoking to avoid respiratory problems [189]. In a 

single existing study comparing smoking to the vaporiza-
tion of cannabis, exhaled carbon monoxide (eCO) was 
measured as an indicator of inflammation [190]. Here, 
smoked cannabis significantly increased eCO while 
exposure to vaporized cannabis showed no significant 
increase in eCO [191]. In a small, non-randomized clini-
cal trial, individuals who regularly smoked cannabis and 
reported respiratory symptoms were asked to switch to 
cannabis vapor for 1  month. At the completion of the 
trial, test subjects had a significant improvement in res-
piratory symptoms as well as forced vital capacity indi-
cating the reduced risk of vaporized cannabis compared 
to the smoked product [192].

There are also reports of ALI associated with cannabi-
noid oil vaping with no clear mechanism of injury [193]. 
Here, oils containing THC or CBD are heated using 
an electronic vaporizer (e-cigarette), like for nicotine-
containing products. The overall composition of the 
oils may play a direct role in this toxicity, as these case 
reports are similar to the e-cigarette product use associ-
ated lung injury (EVALI) outbreak that was accompany-
ing by adverse respiratory symptoms including shortness 
of breath, chest pain, cough and in severe cases death. 
The majority of EVALI cases occurred in the United 
States, and was strongly linked to e-cigarettes contain-
ing Δ9-THC where vitamin E acetate (VEA) was used 
as a diluent in black-market products [194]. Subsequent 
experimental evidence supports a causative role for VEA 
in the development of EVALI-like symptoms in rodent 
models [195]. While these recent data show that there 
may be a benefit of vaporizing cannabis over combustion, 
almost nothing is known about the ability of vaporized 
cannabis to modulate immune function in the respiratory 
system and affect the downstream development of lung 
diseases.

Conclusions and future perspectives
Despite its long history of human use, issues of legality 
have contributed to significant gaps in our understand-
ing of the efficacy of cannabis in alleviating symptoms of 
disease and the physiochemical properties of the more 
500 chemicals that cannabis produces. With increased 
legalization and wider social acceptance, cannabis has 
become a promising plant for medicinal use. Alongside 
this greater acceptance is an increasingly diverse portfo-
lio of products, many of which are designed to be inhaled 
and thus encounter resident and recruited immune cells. 
Evidence from experimental in  vitro models indicates 
that cannabinoids modulate facets of both innate and 
adaptive immunity, many of which are immunosuppres-
sive, and this could be beneficial in certain scenarios but 
detrimental in others. Moreover, many of the cannabi-
noid-specific effects are overshadowed by the myriad of 
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additional chemicals products during combustion of the 
cannabis plant. Understanding the immunological con-
sequences of inhaled cannabis products is further com-
plicated by the diversity of products, lack of standardized 
preclinical models that recapitulate human use patterns 
and the variation in THC levels that has occurred in 
cannabis over time. Future research focused on phyto-
chemical interaction with the ECS, the safety and efficacy 
of new and emerging products, in conjunction with its 
spectrum of potential medical applications and impact 
on economic and legal policy, can shed much needed 
light on this enigmatic plant.
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