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Type 1 diabetes mellitus (T1DM) is an autoimmune disease resulting from loss of insulin-
secreting β-cells in islets of Langerhans. The loss of β-cells is initiated when self-tolerance
to β-cell-derived contents breaks down, which leads to T cell-mediated β-cell damage and,
ultimately, β-cell apoptosis. Many investigations have demonstrated the positive effects of
antagonizing cannabinoid receptor 1 (CB1R) in metabolic diseases such as fatty liver
disease, obesity, and diabetes mellitus, but the role of cannabinoid receptor 2 (CB2R) in
such diseases is relatively unknown. Activation of CB2R is known for its
immunosuppressive roles in multiple sclerosis, rheumatoid arthritis, Crohn’s, celiac,
and lupus diseases, and since autoimmune diseases can share common
environmental and genetic factors, we propose CB2R specific agonists may also serve
as diseasemodifiers in diabetes mellitus. TheCNR2 gene, which encodes CB2R protein, is
the result of a gene duplication of CNR1, which encodes CB1R protein. This ortholog
evolved rapidly after transitioning from invertebrates to vertebrate hundreds of million years
ago. Human specific CNR2 isoforms are induced by inflammation in pancreatic islets, and
a CNR2 nonsynonymous SNP (Q63R) is associated with autoimmune diseases. We
collected evidence from the literature and from our own studies demonstrating that CB2R
is involved in regulating the inflammasome and especially release of the cytokine interleukin
1B (IL-1β). Furthermore, CB2R activation controls intracellular autophagy and may
regulate secretion of extracellular vesicles from adipocytes that participate in recycling
of lipid droplets, dysregulation of which induces chronic inflammation and obesity. CB2R
activation may play a similar role in islets of Langerhans. Here, we will discuss future
strategies to unravel what roles, if any, CB2R modifiers potentially play in T1DM.
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INTRODUCTION

Overview of Type 1 Diabetes Mellitus and its
Etiology
Based on the 2020 CDC’s National Diabetes Statistics Report, the
number of people in the United States suffering from type 1
diabetes mellitus (T1DM) increased from 1.25 to 1.6 million
between 2017 and 2020 (https://www.cdc.gov/diabetes/data/
statistics-report/index.html). In addition to the increasing
incidence, the peak age at diagnoses has shifted to an even
younger age group (Ilonen et al., 2019). Overall, the highest
incidence of T1DM is in Northern European countries and the
island of Sardinia, while lower incidences are reported from India
and China (Patterson et al., 2019). The underlying mechanism of
pancreatic β-cell failure involves a strong genetic predisposition
and transgenerational epigenome reprogramming (King and
Skinner, 2020), but genetics alone is unlikely to account for
such an increase: pollutants (e.g., microplastics) (Campanale
et al., 2020), obesogenic diets causing increased stress on β-
cells (Polsky and Ellis, 2015), infection during pregnancy
(Group, 2007), sedentary lifestyle (Maja Cigrovski Berkovic
et al., 2017), and microbiota shift (Knip and Siljander, 2016)
also seem to be playing their parts.

T1DM shows significant geographic, ethnic, age, and gender
differences, with the incidence peaking between 4 and 19 years of
age, then leveling off, and once again gradually increasing after
the fifth decade of life (Rogers et al., 2017), indicating defective
central thymic and peripheral tolerance (Littman and Rudensky,
2010; Zucchelli et al., 2005). Self-tolerance is induced in the

primary lymphoid organs (thymus and bone marrow), and in
spleen and lymph nodes, where self-reactive T cells are deleted,
thereby guaranteeing, in normal physiology, that self-reactive
T cells do not get into the circulation (Theofilopoulos et al., 2017).
β-cells in islets of Langerhans exposed to viral infections (such as
enteroviruses, Coxsackie B), an array of cytokines (IL-1β, TNF-α,
IFN-γ), injury by toxins, and stress (such as increased ROS
production, ER stress, post-translational modifications)
conditions may present auto/neoantigenic peptides (β-Ag) on
major histocompatibility complex molecules I (MHC-I) to the
cell surface, thereby attracting cytotoxic CD8+T cells (Eizirik
et al., 2009). CD8+T-lymphocytes, which recognize MHC-I
peptide complexes, dominate the pro-inflammatory milieu of
islet infiltration (insulitis) and are thought to be major effectors of
β-cell death (Carré and Mallone, 2021). The processes in β-cell
that produce MHC-I restricted antigens are poorly understood in
T1DM. Autophagy (Atg) may, however, intersect with the
intracellular MHC-I presentation by lessening the amount of
neoantigens that are formed (Figure 1). Pancreatic β-cells are
vulnerable because insulin transcription accounts for 40% of the
transcriptome whereas genes involved in cellular protection such
as those for chaperones, autophagy, ubiquitin, proteosome,
protection from reactive oxygen species, and ER unfolded
protein responses are expressed at lower levels than in other
islet cell types (Benner et al., 2014; Segerstolpe et al., 2016;
Diedisheim et al., 2018). Genetic susceptibility, environmental
triggering, autoantibody appearance are the pre-disposing events
to β-cell damage. Reduced insulin secretion and dysglycemia
occur when T cells and macrophages infiltrate into the islets and

FIGURE 1 |Central and peripheral breakdown of immune tolerance in T1DM: Auto-reactive cytotoxic T (CD8+T) and B (Auto B) cells escape from primary lymphoid
(bonemarrow and thymus) and secondary lymphoid organs (spleen and lymph nodes). The β-cells exposed to viral infections, an array of cytokines (IL-1β, TNF-α, IFN-γ),
injury by toxins, and stress (such as increased ROS production, ER stress, post-translational modifications) conditions may present their auto/neoantigenic peptides (β-
Ag) onMHC-I complexes to the cell surface, thereby attracting cytotoxic CD8+T cells. Autoreactive antigens that are endocytosed by antigen presenting cells (APC)
activate CD4+Th17 T and B cells. CB1R in β-cells and CB2R in APC cells are players in the outcome to β-cells, possibly through actions on autophagy (Atg).
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gradually destroy β-cells. Finally insulin-dependent diabetes
occurs when approximately 80% of the β-cells are destroyed:
this is the pathological sequence of events (Eisenbarth, 1986; Insel
et al., 2015; Ilonen et al., 2019). Susceptible HLA (human
leukocyte antigen) DR/DQ alleles and detection of at least two
autoantibodies specifically targeting β-cells are pre-diagnostic
markers for T1DM (Michels et al., 2015). A humanized anti-
CD3 monoclonal antibody (Teplizumab) is currently a FDA
approved drug to delay occurrence of T1DM symptoms by
slowing down destruction of β-cells (Herold et al., 2019).
Certain natural and synthetic cannabinoids are known for
their potent immunosuppressive and anti-inflammatory
properties that are effective against several autoimmune
diseases (Rieder et al., 2010); however, little research is carried
out for early intervention with cannabinoids on T1DM risk
cohorts.

Overview of the Endocannabinoid System in
relation to Islets of Langerhans
Cannabinoids are endogenously produced, lipid-derived
mediators of multiple organ functions-hence the name
endocannabinoids (eCBs) (Pacher et al., 2020; Lu and Mackie,
2021). The most studied eCBs are anandamide
(N-arachidonoylethanolamide, AEA) and 2-arachidonoyl-sn-
glycerol (2-AG), both of which are synthesized in β-cells in
islets upon cellular depolarization. The whole eCB system also
consists of the enzymes involved in the synthesis and degradation
of the eCBs and the eCB receptors (CBRs) (Joshi and Onaivi,
2019), of which there are primarily two such receptors, CB1R and
CB2R. Both are class-A G-protein-coupled receptors that
function through Gi/o/q proteins and the β-arrestin signaling
pathway (Aseer and Egan, 2021). In general, CB1R is highly
expressed in the central nervous system while CB2R is mostly
found in immune cells. However, of pertinence to this review,
CBRs are also present in cells of the islets of Langerhans. There
are five cell types in islets, called α-, β-, δ-, ε-, and PP-cells. These
cells produce glucagon, insulin, somatostatin, ghrelin, and
pancreatic polypeptide, respectively. In general, more than
50% of the islet cells are β-cells, while α-cells are the next
most common cell type. Using FACS sorted mouse and
human β-cells it was found that CB1R mRNA levels in mouse
β-cells (GSE54973) are more than 10-fold higher than in human
β-cells (GSE103383) (Benner et al., 2014; Diedisheim et al., 2018).
CB1R but not CB2R mRNA was found in human β-cells by single
cell sequencing also (GSE81608) (Benner et al., 2014; Xin et al.,
2016). Human CB2R transcripts were found in α-, δ-, and ε-cells
more than are CB1R transcripts while in PP-cells both transcripts
were reported to be equally expressed (Xin et al., 2016). Low basal
expression of CNS-enriched CB1R is also present in myocytes,
adipocytes and hepatocytes (González-Mariscal et al., 2016),
while leukocyte-enriched CB2R is found in adipocytes,
neurons and microglia (Karaliota et al., 2009; Liu et al., 2020a).

Exogenous cannabinoids are also available in marijuana
plants; Δ9-tetrahydrocannabinol (Δ9–THC), cannabidiol
(CBD), and (−)-β-caryophyllene (BCP). Δ9–THC is a ligand
for both CB1R and CB2R, while BCP is a selective CB2R

ligand. All the molecular target receptors of CBD are
unknown but CBD is thought to be involved in enhancing
serotonin 5-HT1A receptor and transient receptor potential
cation channel (TRPV1) activity (Pacher et al., 2020; Lu and
Mackie, 2021). Inverse agonists (antagonism) of CB1R were
developed 20 years ago as treatments for obesity: however,
rimonabant that did come into use for that purpose was
quickly withdrawn because of severe adverse psychiatric effects
(Sam et al., 2011). Further development of CB1R antagonists and
inverse agonists by pharmaceutical companies was then halted.
Unrelated to CNS effects, we have shown that, in regards to β-
cells, peripheral inhibition of CB1R leads to: improved insulin
secretion in response to glucose; enhanced responses to incretins;
increased intracellular cAMP levels; resistance to inflammation
from high fat diets; and protects against apoptosis due to toxins
and high fat diets (Gonzalez-Mariscal et al., 2018). CB2R has a
yin-yang relationship with CB1R structurally and functionally
(Shao et al., 2016; Li et al., 2019) in the context of cell types. While
activation of CB2R has general anti-inflammation effects (Basu
and Dittel, 2011; Wu et al., 2018), cell type specific CB1R deletion
in β-cells, myocytes, and hepatocytes has anti-inflammatory
effects in mice (Gonzalez-Mariscal et al., 2018; González-
Mariscal et al., 2019; Kim et al., 2020). CB2R enriched in
various cell types of the immune system (Fernández-Ruiz
et al., 2007; Hu et al., 2020) appears to result in little or no
adverse CNS effects, unlike CB1R, when activated (Buckley et al.,
2000; Turcotte et al., 2016). CB2R activation in the immune
system is also thought to be anti-inflammatory and pro-tolerance
and therefore may aid in preventing autoimmune-mediated self-
destruction (Eisenstein and Meissler, 2015). There are rich
sources of natural and synthetic CB2R selective agonists that
potentially could be investigated for intervention at the pre-
symptomatic phase of T1DM. Hemp seeds (Pellati et al.,
2018), cloves (Siani et al., 2013), black pepper (Geddo et al.,
2019), and manacá (Galdino et al., 2012) with high content of β-
caryophyllene are widely consumed in India, China, and Brazil
(Patterson et al., 2019). A synthetic cannabidiol quinone
derivative (THP-101), a CBD analog with CB2R agonist
properties, added another potential remedy for autoimmune
diseases (Navarrete et al., 2018). We will now analyze the
literature with regards to the possible molecular mechanisms
whereby regulating activity of CB2R might have therapeutic
potential in the spectrum of T1DM with emphasis on
molecular evolution, immune tolerance, anti-inflammation,
autophagy, and extracellular vesicles secretion.

CB2R and Evolution
No CNR1/CNR2 orthologs are present in protostome
invertebrates even though specific enzymes necessary for eCB
synthesis and breakdown are present, as are vanilloid-type ion
channels that could serve as eCB receptors (Elphick, 2012). A
single CNR1/CNR2 ortholog is present in genomes of
deuterostome chordates such as the sea squirt Ciona
intestinalis (ciCBR, 423 AA) and lancelet Branchiostoma
floridae (bfCBR, 410 AA), expressed in branchial pharynx,
heart, cerebral ganglion, testis, ovaries, and gut (Elphick, 2007;
Elphick et al., 2003; Matias et al., 2005). The primitive chordate
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CNR gene has only one promoter without upstream exons
encoding different 5′UTRs (McPartland et al., 2006) as is
observed in CNR1 and CNR2 of mammalian species (Zhang
et al., 2015; Liu et al., 2019). Human CB1R (472 AA) is
enriched in neurons and is more homologous to chordate

ciCBR and bfCBR (Elphick, 2007). CB2R (360 AA) is
enriched in the immune system (Liu et al., 2020a) and CNR2
likely arose due to vertebrate genome duplication about 500
million years ago (Elphick, 2002) when the adaptive immune
system and major histocompatibility complex class I (MHC-I)

FIGURE 2 | Human CNR1 (A) and CNR2 (B) gene structures, their alternatively spliced isoforms, and expression in pancreatic islets. P (green lettering) represents
promoters. Exons are open boxes and introns solid lines. The exon numbers are inside the open boxes and intron sizes are marked in kb (kilobase). Downward arrows
and capital letters are at the intra-exonal splicing sites. Red letterings, boxes, and arrows represent human specific isoforms, exons, and splicing sites, respectively. The
reference of CB1R isoform islet expression (n � 6) is full-length CB1R (CB1R-FL) and the reference of CB2R isoform islet expression (n � 3) is CB2Rb (unpublished
data from Diabetes Section, LCI/NIA/NIH).
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and class II (MHC-II) are reported to have first appeared in
jawed fish (Flajnik and Kasahara, 2010; Wu et al., 2021). During
mammalian evolution, human gene exonization (Li et al., 2018)
and splicing isoform evolution (Zhang et al., 2017a) contributed
to multiple upstream exons with a single promoter in CNR1 and
two promoters in CNR2 (González-Mariscal et al., 2016; Liu
et al., 2009) to diversify eCB signaling in a specific cell type
context (Marti-Solano et al., 2020) and the genomic size of
CNR2 is more than 3-fold larger than that of CNR1 (Figures
2A,B). Human CNR1 has one promoter and four exons that are
spliced into six variants including two human-specific
N-terminal amino acid (AA) altered isoforms (González-
Mariscal et al., 2016), while CNR2 gene has two separate
promoters and four exons that are spliced into CBR2a
(human-specific) and CBR2b isoforms, encoding the same
peptide sequences (Liu et al., 2019). CNR1 contains human-
specific exon-3 and intra-exonal splice sites of exon-1 and
coding exon-4, creating altered N-terminal AA isoforms of
CB1Ra and CB1Rb (González-Mariscal et al., 2016). CNR2
contains human-specific exon-1 and -2 encoding isoform
CB2Ra that is under control of human-specific promoter-1,
whereas the promoter-2 controls expression of generic exon-3
and -4 encoding CB2Rb isoform that is preferentially expressed
in immune system (Liu et al., 2009). The human-specific
evolution of eCB system could explain that THC is
rewarding to humans but not rodents (Zhang et al., 2015;
Han et al., 2017). Although CB1R is predominantly
expressed in mammalian brain, we observed low basal
expression of CB1R in many peripheral tissues, and
interestingly the liver of humans has a predominant
N-terminal intra-exonal spliced isoform (CB1Rb), expression
of which is increased by obesity (González-Mariscal et al., 2016).
Global CB1R knockout mice, though fertile, have detrimental
phenotypes of increased morbidity and weight loss, agitation,
and early death (Zimmer et al., 1999). In contrast, global CB2R
knockout mice, while also fertile, appear healthy unless
challenged with endotoxins (Kapellos et al., 2017) and high
fat-sugar diet (Agudo et al., 2010), implying that manipulation
of CB2R might not have severe adverse CNS side effects.

CB2R and Immunity
As stated above, CB2R is predominantly expressed in the immune
systemwith a rank order of B-cells (B-lymphocytes)> granulocytes
> dendritic cells > macrophages > CD8+Tcells > natural killer
T-cells > CD4+T-cells > natural killer cells (Galiègue et al., 1995;
López et al., 2018). CB2R expression is highly inducible during
inflammatory processes and its activation polarizes
macrophages from a classical pro-inflammatory (M1) state to
an alternative anti-inflammatory (M2) state (Braun et al., 2018).
For example, there is a 40-fold increase in CB2R expression by
the 5th day in mouse right brain cortex when the right middle
cerebral artery is occluded for 30 min and causes right cortical
ischemia. This gradually subsides to the basal level by the 10th
day to levels similar to those of the left non-ischemic cortex (Yu
et al., 2015). Activation of CB2R by GP1a (a CB2R agonist)
reduced HLA DQ expression by 10-fold in an ipsilateral mouse
brain hemisphere that was stereotactically injected with HIV-1

infected human monocyte-derived-macrophages in comparison
with the non-injected contralateral hemisphere (Gorantla et al.,
2010). Both CB2Ra and CB2Rb isoforms are activated by
inflammation and psychiatric stress (Zhang et al., 2015).
Activation of CB2R resulted in decreases in cell surface
expression of MHC-II molecules and the pro-inflammatory
cytokines IL-1β and IL-12p40 (Mestre et al., 2005). Although
CB2R is enriched in the immune system, we observed CB2R
expression in microglia, as might be expected, and neurons in
different mouse brain regions (Liu et al., 2020a). Interestingly,
we found that CB2Ra but not CB2Rb is expressed in human
testis (Liu et al., 2009) and Nielson et al. reported that CB2Ra is
involved in germ cell maturation and is localized in the
cytoplasm of late spermatocytes and round spermatids but
not early spermatocytes (Nielsen et al., 2019). We found that
the CB2Ra transcript levels are about 8-fold higher than that of
CB2Rb in human islets (Figure 2B), indicating that the
upstream promoter is more active in cell types outside of
immune system (Zhang et al., 2017b). The expression of
CB2R in non-immune system implies that CB2R is not only
involved in MHC class II (MHC-II) immune cell response
(Gorantla et al., 2010) but also in pan MHC class I (MHC-I)
cells that present oncogenic and invading intracellular virus
antigens to cell surface (Karmaus et al., 2013). Whether CB2R
plays a role in immune tolerance in T1DM is currently not
reported.

CB2R and Autoimmune Diseases
T1DM shares genetic and phenotypic comorbidity with other
autoimmune diseases and CB2R activation can ameliorate
symptoms of multiple sclerosis (Annunziata et al., 2017),
thyroiditis autoimmune diseases (Alcigir et al., 2017), celiac
disease (Tortora et al., 2020), Crohn’s disease (Leinwand et al.,
2017), and rheumatoid arthritis (Gui et al., 2014). Several human
leukocyte antigen (HLA) gene polymorphisms ofMHC class I and II
(Noble and Valdes, 2011), insulin gene short VNTR (variable
number tandem repeat) (Bennett et al., 1995), and a
nonsynonymous CNR2 SNP (Q63R) are risk alleles that co-
segregate with several autoimmune diseases (Rossi et al., 2012;
Mahmoud Gouda and Mohamed Kamel, 2013; Bellini et al.,
2015; Ismail and Khawaja, 2018; Strisciuglio et al., 2018).
However, we could not find any study of CB2R and its level of
activation in T1DM in the literature. Damage to β-cells in T1DM
patients is initiated by recruiting circulating T cells andmacrophages
that migrate across vascular endothelium cells by orchestrated
multimodal movements; tethering, rolling, arrest, firm adhesion,
and migration that are mediated by selectins, integrins, and
cytoskeleton molecules (Alon and Shulman, 2011). Activation of
CB2R has been shown to reduce formation of leukocyte lamellipodia
by downregulation of integrins (ITGA4 and ITGB2) and small
GTPases (RAC1 and RHOA) that promote adhesion and
cytoskeleton dynamics, respectively, necessary for trans-
endothelium migration (Rom et al., 2013). Activation of CB2R
has also been shown to protect from tissue damage by
controlling recruitment of CD34+ myeloid progenitor cells and
neutrophils, reducing infiltration CD4+ T-lymphocyte subset of T
helper 17 (Th17) cells (Cencioni et al., 2010), suppressing CD8+T
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lymphocytes (Joseph et al., 2004), and regulating macrophage
function by altering expression of pro- and anti-inflammatory
cytokines and their receptors (Palazuelos et al., 2008; Kapellos
et al., 2017; Kapellos et al., 2019) (Figure 3).

CB2R and Immune Tolerance
The intracellular autoantigens of β-cells are processed by
ubiquitin–proteasome system into small peptides of 8–11 AAs
that are transported into the endoplasmic reticulum (ER) by TAP
(transporter associated with antigen processing), and then bind to
MHC-I with assistance of chaperone, and further translocated to
plasma membrane via Golgi apparatus (Strehl et al., 2005).
Cytotoxic CD8+T cells with specific T cell receptors (TCRs)
for the autogenic peptides are activated and exert apoptotic
effects on β-cells (Gupta et al., 2006). CB2R is expressed in
thymus (Schatz et al., 1997) where autoimmune regulator
AIRE (mutated in APS-1, autoimmune polyendocrine
syndrome type 1) stimulates ectopic expression of intracellular
T1DM autoantigens (e.g., insulin and GAD65) in medullary
thymus epithelium cells (mTECs) in which the endogenous
peptides are presented to the cell surface by MHC-I
(Alexandropoulos et al., 2015). Insulin gene (INS) with long-
VNTR alleles promotes higher expression of insulin in mTECs
that present more insulin peptides to educate CD8+T cells not to
be self-reactive (Fan et al., 2009; Mathis and Benoist, 2009; Levi
and Polychronakos, 2013). Proteasome processing of T1DM
autoantigens for MHC-I presentation requires unfolding of
protein monomers and is not capable of unfolding oligomeric
insulin. In that case, autophagosomes and lysosomes are involved
in the autoantigen presentation in mTECs (Yedidi et al., 2017;
Øynebråten, 2020). CB2R expression is 6-fold higher than CB1R

in mTECs (GSE89892) within the thymus (Guha et al., 2017) and
is upregulated in activated T cells where very little or no CB1R is
found (Schatz et al., 1997; Coopman et al., 2007), and therefore
the pro-autophagy function of CB2R may prevent insulin from
being mispresented. Clonal selection of immunosuppressive
regulatory T cells (CD4+FOXP3+Treg cells) prevents self-
reactivating T cells from exiting into the circulation (Kraj and
Ignatowicz, 2018). Deletion of FOXP3+Treg accelerates onset of
T1DM (Mariño et al., 2009) and infusion of FOXP3+Treg cells
delays the onset of T1DM in young NOD mice (Spence et al.,
2018). CB2R expression is preferentially induced in
FOXP3+Treg-cells and the agonist GP1a enhances
FOXP3+Treg immunosuppressive function in Crohn’s disease
(Leinwand et al., 2017). Pancreatic β-cells do not express MHC-II
because it is restricted to professional antigen presenting cells
(APCs), such as CB2R enriched macrophages, dendritic and
B cells (Roche and Furuta, 2015). The β-cells secrete and
present the autoantigens that are endocytosed by APCs and
fused with lysosomes, and further processed by endosome-
lysosome pathway (Lundberg and McDevitt, 1992) to peptides
of 12–25 AAs (Wu et al., 2021) that bind to MHC-II-Ii (Invariant
chain) complex in ER and translocate via Golgi apparatus to
endolysosomes in which Ii is cleaved by cathepsin L and the
remaining CLIP (class II-associated invariant chain peptide)
prevents autoantigen presentation to APCs that regulate
CD4+T cell differentiation (Jurewicz and Stern, 2019). During
inflammation, the activated APCs present more β-cell-derived
neo- and autoantigen peptides that stimulate pathological Th17
cytotoxic cell expansion in lymph nodes and in circulation
(Honkanen et al., 2010). Peripherally, in the secondary
lymphoid organs (lymph nodes, spleen, tonsils, and mucous
membranes), pathologic autoreactive CD4+T helper cells
(Th17/Th1+) cause breakdown of peripheral tolerance and

FIGURE 3 | Activated CB2R suppresses macrophage (purple) and T cell
(green) infiltration from endothelium barrier of blood vessel and inhibits M1
macrophages (purple ameba shape), self-reactive HMC-I CD8+T cells (blue
with halo), and CD4+Th17 cells (green with halo). Islet cell types are
marked with Greek letters (α, β, δ, ε). Purple serpentine represents CB1R in β-
cells and blue serpentine CB2R in immune cells.

FIGURE 4 | MHC-I β-cell restricted antigen (+βAg) or no antigen (−βAg)
presentation in medullary epithelium cells (mTEC) inside thymus. AIRE,
autoimmune regulator for ectopic expression of β-cell-specific genes.
spT cells, single-positive CD8+ or CD4+ T cells. Yellow represents self-
reactive and green self-tolerance T cells. Purple serpentine represents CB1R
in β-cells and blue serpentine CB2R in immune cells.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 8099656

Liu et al. CB2R and Type 1 Diabetes

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


inflammation (Cencioni et al., 2010; Fava et al., 2016). The CB2R
synthetic agonist JWH015 reduces IL-17, TNF-α, and IFN-γ
secreted by Th17 cells, and suppresses anti-CD3/anti-CD28
induced CD4+ and CD8+T cell proliferation by reducing T cell
growth factor IL-2 (Cencioni et al., 2010) (Figure 4). Whether
CB2R is involved in breakdown of central and peripheral immune
tolerance in T1DM is unknown.

CB2R and Inflammation
Inflammatory components of the innate immune system such as
toll-like receptors (TLRs), NLRP3 (NLR family pyrin domain
containing 3) inflammasome, and IL-1β contribute to the etiology
of T1DM and their activation recruits inflammatory T cells and
macrophages into islets where they are cytotoxic to β-cells
(Grishman et al., 2012). CB2R is prominently upregulated by
inflammation and a selective synthetic CB2R agonist, JWH-133,
inhibits the TLR4/NF-κB signaling pathway, reduces infiltration
of immune cells across endothelium, thereby mitigating against
immune-mediated tissue damage (Yu et al., 2015; Chen et al.,
2019; Jing et al., 2020). Another selective synthetic CB2R agonist,
HU-308, inhibits NLRP3 inflammasome expression and
activation, leading to reduction of IL-1β secretion from
macrophages and microglia in a mouse model of dextran
sulphate sodium (DSS)-induced colitis and experimental
autoimmune encephalomyelitis (EAE) (Shao et al., 2014; Ke
et al., 2016). The naturally occurring CB2R selective agonist,
β-caryophyllene, inhibits hypoxia-induced cytotoxicity by
decreasing proinflammatory cytokine secretion of IL-1β, TNF-
α, and IL-6 in a murine microglia cell line, BV2 (Guo et al., 2014).
A selective CB2R agonist, AM124, used in a rat model of complete
Freund’s adjuvant (CFA)-induced inflammatory dermatitis

decreases the expression of IL-1β, IL-6 and TNF-α
(Nascimento et al., 2012; Su et al., 2012). It has been shown
that, under stress damaged mitochondria release mtDNA into the
cytosol and enhance production of reactive oxygen species (ROS)
in an inflammasome-dependent manner in both macrophages
and Th17+T cells (Nakahira et al., 2011; Kaufmann et al., 2019).
Since the inflammasome is exquisitely sensitive to nucleic acid
and ROS, the activated inflammasome produces the
proinflammatory cytokines, IL-1β and IL-18, resulting in
vicious inflammatory cycle (Nakahira et al., 2011). Since CB2R
agonists stimulate calcium release from lysosomes that tether and
transfer calcium to mitochondria to reduce NLRP3
inflammasome activation (Peng et al., 2020) and ROS
production they may be possible therapeutic agents to mitigate
inflammation induction (Figure 5). In sum, although CB2R
activation reduces the proinflammatory cytokines in certain
disease models, there is no published research on the
possibility of CB2R activation being protective of β-cell
destruction due to proinflammatory cytokine-induced
cytotoxicity during onset of T1DM.

CB2R and Autophagy
Malfunction of intracellular membrane trafficking is involved in
autoantigen presentations by MHC-I and -II and autophagy
compensates compromised protease activities of ubiquitin-
proteasome system in antigen presentation and impaired
autophagy has been documented in T1DM (Valecka et al.,
2018; Muralidharan et al., 2021). Autophagy is classified as
macro-, micro-autophagy, and chaperone-mediated autophagy
that share intracellular proteolytic pathway and membrane
trafficking machinery as MHC antigen presentation pathways
and are potentially able to cross-present β-cell-derived
autoantigens (Valecka et al., 2018; Germic et al., 2019).
Autophagy is an evolutionarily conserved mechanism that
helps all cells degrade and recycle biological materials under a
range of situations, including ER stress. Specifically,
macroautophagy (hereafter referred to as autophagy) involves
the transport of cargo contained in double-membraned
autophagosomes to the lysosome (Parzych and Klionsky,
2014). Hyperglycemia and the buildup of ROS, as well as
endoplasmic reticulum (ER) stress, are known to disturb β-cell
homeostasis (Gerber and Rutter, 2017; Newsholme et al., 2019).
Furthermore, excessive ROS can damage proteins and organelles,
making it more difficult for the cell to activate its adaptive stress
response systems. Endogenous activities that help to pacify these
cellular stressors and restore homeostasis are thus crucial for β-
cell survival. In this context, the role of autophagy in maintaining
β-cell homeostasis and increasing cell survival has been examined
(Marasco and Linnemann, 2018; Vivot et al., 2020).

CB2R, as described above, is mainly located in the cells of the
immune system and participates in the modulation of immune
responses (Basu and Dittel, 2011). Moreover, CB2R stimulation
has been shown to promote autophagy in various cellular and
animal models. Notably, JWH-133 reduced the expression of
lipopolysaccharide (LPS)-induced inflammatory genes in
autophagy related protein 5 (ATG5)-sufficient macrophages
but not in ATG5-deficient cells, and JWH-133 treatment also

FIGURE 5 | Activation of plasma membrane CB2R pathway inhibits
NLRP3 inflammasome complex and NFκB activation (red wavy arrows) during
inflammation that is initiated by TNFα, ATP, and ceramide, thereby reduces IL-
1β secretion.
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protected mice from alcohol-induced liver inflammation and
steatosis but was not protective in mice lacking ATG5 in
myeloid cells (Denaës et al., 2016). As a result, activation of
CB2R in macrophages protects against alcohol-induced steatosis
through an autophagy-dependent route (Denaës et al., 2016).
Selective activation of CB2R with HU308 had a cardio-protective
effect against diabetic cardiomyopathy and protected the
cardiomyocytes by promoting autophagy via the AMPK-
mTOR-p70S6K signaling pathway when maintained under the
stress of high glucose (Wu et al., 2018). In addition, autophagy
induction and p62-mediated Nrf2 deactivation are linked to
CB2R activation-induced osteoblastic differentiation in vitro
(Xu et al., 2020). The synthetic CB2R agonist AM1241
protects rats from cardiac ischemia-reperfusion injury by
triggering autophagy through activation of the Pink1/Parkin
pathway (Liu et al., 2021). HU-308 (a CB2R agonist) promotes
autophagy, inhibits the NLRP3 inflammasome, and protects mice
from autoimmune encephalomyelitis (Shao et al., 2014). JWH133
orchestrates neuronal autophagy in the hippocampus of
developing rats with status epilepticus through modulating the
mTOR signaling pathway (Wu et al., 2020a). Taken together,
these studies imply that activating the CB2R promotes autophagy
in vitro and in vivo. It is therefore reasonable to propose that
CB2R plays a critical role in autophagy processes and
consequently may protect from the autoimmunity of T1DM
by this mechanism.

Antigen-presenting cells such as dendritic cells (DCs) that
lack the core autophagy machinery that enables ATG8
(autophagy related protein 8) lipidation, for example, have
increased surface MHC-I expression, which is linked to
hyper-reactive CD8+T cell responses (Hubbard-Lucey et al.,
2014). Blocked internalization and degradation of MHC-I
molecules, which involves recruitment of MHC-I molecules
via (probably membrane coupled) LC3B (microtubule-
associated proteins 1A/1B light chain 3B), are among the
mechanisms underlying loss of components in the autophagy
machinery in MHC-I restricted antigen presentation in DCs
(Loi et al., 2016). Interestingly, CB2R has been reported to
regulate autophagy in non-pancreatic cells. Nevertheless, there
have been no investigations on CB2R-mediated autophagy in
pancreatic islets or β-cells, as there have been for antigen
processing, immune cell differentiation, and macrophage
migration in the context of airway immunomodulation
(Carayon et al., 1998; McCoy et al., 1999). Because CB2R
activation is known to increase autophagy in other cellular/
tissue contexts, CB2R agonists could be a viable treatment
option to control CD8+T cell response and MHC-I antigen
presentation leading to stress conditions in pancreatic islets
during T1DM initiation and progression. Hence, future research
into the novel role of CB2R in T1DM and its complications,
particularly in pancreatic islets and its immune cell infiltration,
would be worthwhile.

CB1R might regulate MHC-I in β-cells and CB2R regulate
MHC-II in immune cells since CB1R and not CB2R is found in
β-cells (Benner et al., 2014). Autophagy is highly dynamic, ATP-
dependent, and maintains photostatic homeostasis in β-cell
when proteosome machinery is compromised and could not

properly present antigenic peptide through MHC-I in β-cell
(Broca et al., 2014). Targeting autophagy pathways regulated by
cannabinoids for prevention of T1DM is a pathway worth
investigating as a way to prevent presentation of auto- and
neo-antigens to APCs (Fierabracci, 2014). Intracellular CB1R
and CB2R also play important roles in metabolism and
immunity (Brailoiu et al., 2014; Brailoiu et al., 2011).
Activation of mitochondria CB1R dysregulates astrocyte
glucose metabolism and promotes glycolysis in activated
T cells (Jimenez-Blasco et al., 2020). The activation also
modulates inflammation by reducing microglia oxygen
consumption (Beji et al., 2020) and reduces mitophagy
(Kataoka et al., 2020). Rimonabant was found to protect liver
ischemia-induced inflammation through increasing autophagic
flux, as illustrated by upregulation of proteins in the autophagy
pathway, p62 (SQSTM1), Beclin-1 and LC3B-I to LC3B-II
conversion (Rezq et al., 2021). On the other hand, CB2R is
localized intracellularly at endolysosomes and microinjection of
2-AG into bone sarcoma U2OS cells induced faster and higher
amplitude Ca2+ release from intracellular calcium pools
(Brailoiu et al., 2014) than cytoplasmic CB2R activation.
Calcineurin is then activated by calcium and
dephosphorylates transcription factor EB (TFEB opposing
mTORC1 kinase) (Medina et al., 2015). Dephosphorylation
of autophagy Top-Chef TFEB (Cuervo, 2011; Settembre
et al., 2011) causes its activation and translocation to the
nucleus. The nuclear TFEB subsequently promotes lysosome
biogenesis and exocytosis, and upregulates genes involved in
autophagy (Settembre et al., 2011), implying links between
CB2R and downstream effects on enhancing autophagy.
Indeed, increased expression of CB2R is associated with
enhanced autophagic flux as shown by enhanced LC3B-I to
LC3B-II conversion, upregulation of Beclin-1, and increased
p62 degradation in hFOB 1.19 cells derived from osteoblasts (Xu
et al., 2020). Furthermore, mice treated with HU308 had some
protection from diabetic cardiomyopathy and reduced ischemic
myocardial infarction size through similar increases in
autophagic flux (Wu et al., 2018; Xu et al., 2020). We
propose that CB2R activation causes Ca2+ release from
endolysosomes through the lysosomal calcium efflux channel
MCOLN1 (transient receptor potential mucolipin 1) that not
only causes dephosphorylation of TFEB and results in its
nuclear translocation, but also increases lysosome contact
sites with mitochondria and aids in actively transfer of Ca2+

into mitochondria, resulting in reducing their production of
ROS, and increasing energy supply for lysosome biogenesis
(Peng et al., 2020). Calcium influx and efflux regulate
immune cell activation that is intertwined with autophagy
(Jia et al., 2013). CB2R’s influence in autophagy may be that
it participates in the delicate intracellular calcium homeostasis
that regulate neo- and auto-antigen presentation in APC cells
(Figure 6). The yin-yang relationship of CB1R and CB2R
actions in islets illustrates the potential therapeutic of Δ9-
tetrahydrocannabivarin (THCV), a dual antagonist/agonist
for CB1R and CB2R respectively, for treating T1DM that
may improve pancreatic β-cell function (Abioye et al., 2020),
possibly by promoting autophagy through antagonism of CB1R
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within β-cells and agonism of CB2R in APC cells (Jadoon et al.,
2016).

CB2R and Obesity
Obesity increases risk for T1DM, especially in children (Polsky and
Ellis, 2015). Adipose tissues from obese individuals contain
enlarged adipocytes that secrete inflammatory cytokines such as
IL-6, soluble IL6R, TNF-α andMCP-1 into circulation and thereby
induce infiltration of macrophages (Lauterbach and Wunderlich,
2017). Obesity associated chronic inflammation causes insulin
resistance in muscle, liver, heart, and the endothelial layer of
blood vessels by stimulation of Ser/Thr phosphorylation of IRS1
proteins, and by inhibiting insulin receptor signaling both directly
and indirectly through action of JNK and IKK-β (Chia and Egan,
2020). eCBs are components of the paracrine and endocrine
pathways that regulate appetite/satiety and fatty acid
metabolism through central and peripheral actions (Lynes et al.,
2019; Behl et al., 2021). Low levels of CBRs are present in mature
adipocytes and in primary cultures of rat adipocytes, and under
obese conditions, their CB1R expression increases while CB2R
decreases (Karaliota et al., 2009). Functions of dually and singly
expressed CB1R and CB2R depends on the cell context and the low
basal expression of CB1R in peripheral tissues and CB2R in brain
regions exert cell type specific amplifiable actions similar to Pascal’s
leverage (Kim et al., 2020; Liu et al., 2017; Xi et al., 2011), e.g.,
activation of CB2R induces hyperpolarization of hippocampal and
cortical neurons (Stempel et al., 2016; Stumpf et al., 2018). The
dynamic ranges of CB1R and CB2R mRNA levels from CNS to
peripheral tissues are among the highest of the GPCR superfamily
(Liu et al., 2020a) and CB2R is more inducible than is CB1R in the
setting of obesity-related inflammation (Yu et al., 2015; Wu et al.,
2020b). Pharmacological and genetic inhibition of total-body
CB1R results in significant weight loss (Sam et al., 2011;
Zimmer et al., 1999). We also found that ablation of CB1R in

β-cells, myocytes, and hepatocytes lessens inflammation and
improves metabolism in those tissues, especially when animals
are placed on high-fat, high-sugar diets (Gonzalez-Mariscal et al.,
2018; González-Mariscal et al., 2019; Kim et al., 2020). Peripherally
restricted CB1R inverse agonists (Cinar et al., 2020) and CB1R
blocking antibodies show promising anti-obesity effects and are
under early-stage clinical development (Dao and François, 2021).
On the other hand, CB2R germline knockout mice are reported to
have increased food intake and total body fat content, especially as
they age (Agudo et al., 2010; Alshaarawy et al., 2019). Activation of
CB2R promotes β-oxidation (Zheng et al., 2013) and reduces body
fat in diet-induced obesity by inhibiting pro-inflammatory M1
macrophage polarization and inducing M2macrophages to secrete
anti-inflammatory cytokines (Wu et al., 2020b). Recently LC3B
dependent extracellular vesicle (EV) loading/secretion (LDELS) of
lipid droplets was found to be dependent on LC3B-II conjugation
to lysosomes, lipidation by ATG7 (autophagy related protein 7),
and ceramide synthesis, as distinct from classical autophagy (Leidal
and Debnath, 2021; Leidal et al., 2020). We propose that LC3B
activation by CB2R is not only involved in intracellular membrane
trafficking but also in intercellular signaling in the regulation of EV
loading and secretion by lysosomal exocytosis, exosome release,
and secretory autophagy (Leidal and Debnath, 2021; Liu et al.,
2020b; Buratta et al., 2020). Secreted materials range from
cytokines, lipids, and granules to virus particles. Secretory
autophagy has been implicated in multiple diseases including
cancer and neurodegeneration (New and Thomas, 2019).
Pancreatic β-cells secrete insulin-containing EVs into the islet
milieu that are recognized by the infiltrating dendritic cells and
macrophages in NOD (non-obese diabetic) mice (Ferris et al.,
2016), a mouse model of T1DM, resulting in the activation of
APCs, which in turn with the help of MHC-II, are responsible for
presenting insulin B-chain peptide and its fragments to reactive
CD4+T cells (Vomund et al., 2015). Anti-inflammatory CB2R

FIGURE 6 | CB2R pro-autophagy effect. Lysosomal CB2R activation results in release of intra-lysosomal Ca2+ through MCOLN1 (Mucolipin TRP Cation Channel
1). The released Ca2+ tethers mitochondria to lysosomes and some Ca2+ ions are transferred to the mitochondria where less ROS is then produced. Calcineurin (CaN) is
also activated that then dephosphorylates TFEB causing its translocation to nucleus, downstream of which autophagosomes and lysosomes are generated. Green
arrows represent CB2R stimulation of MCOLN1 to release Ca2+ ions that enter mitochondria and activate calcineurin (CaN) for TFEB nuclear translocation.
V-ATPase, vacuolar-type ATPase; Ca-ATPase, Calcium ATPase; AAA-ATPase, ATPases Associated with diverse cellular activities.
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restrains M1 macrophage activation in the lean state (Wu et al.,
2020b; Xu et al., 2013), however, it seems to lose this ability in obese
states. Obese adipocytes are depleted of TFEB (Trivedi et al., 2016)
and secrete more lipid-filled exosome-sized vesicles (AdExos) that
are taken up by adipose tissue macrophages (ATMs) for
triacylglyceride hydrolysis that then returns to adipocytes
through macrophage presenting exosome-sized vesicles
(MacExos) (Flaherty et al., 2019). The accumulation of
lipofuscin in ATMs causes a switch from a lean M2
“alternatively activated” state to an obese M1 “classically
activated” state generating a F4/80+CD11c+CD45hi dendritic
cell subpopulation (Lumeng et al., 2007). CB2R activation
reduces Iba1+ M1 population and increases the M2 population
that might exert protective effects against the vicious lipid cycle
between obese adipocytes and ATMs (Zarruk et al., 2012) and
activation of TFEB due to dephosphorylation by calcineurin then
activates autophagy-based hydrolysis of lipid droplets and protects
against obesity-induced insulin resistance (Kim et al., 2021)
(Figure 7). Global CB2R knockout mice have an obese
phenotype; however, whether this is due to dendritic and
macrophage CB2R deficiency is not yet known. In order to
eventually answer this, we have created Cnr2-floxed mice that
can be crossed with CX3CR1-Cre and CD11C-Cre mice to
generate M1/M2-macrophages and F4/80+CD11c+ obesity-
associated dendritic cell specific conditional CB2 knockout mice
so that we can study macrophage activation and intercellular
extracellular vesicle signaling and trafficking between adipocytes,
β-cells and APCs (Liu et al., 2020a).

CONCLUSION

The yin-yang relationship of CB1R and CB2R in pancreatic
islets involves signaling via plasma membrane downstream

signaling pathways and intra- and inter-cellular membranal
trafficking. We propose that modulation of cannabinoid
receptors will ameliorate T1DM by modulation of the
mTORC/TFEB/calcineurin axis (Chiocco et al., 2010; Pan
et al., 2020) and promotion of lysosome biogenesis that is a
hub for T1DM tolerance, autophagy, and extracellular vesicle
signaling. There is presently no cannabinoid therapeutic that
increases the robustness of β-cells that can withstand the
genetic lottery lost by people with pre-symptomatic and
symptomatic T1DM. Cost effective, naturally occurring
CB2R selective agonists widely used in traditional
medicines and diets in Asia and South America for early
intervention of diabetes are worthy of study in this regard.
Additionally, next generation, selective, peripherally
restricted synthetic cannabinoids that work by intervening
in both CB1R and CB2R signaling are in the pipeline.
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FIGURE 7 | Lipid droplet-loaded extracellular vesicle recycling between adipocyte and adipose tissue macrophage. Activation of CB2R results in TFEB
translocation to nucleus and activation of autophagy and lysosome biogenesis, thereby improving the lipid cycle between adipocytes and macrophages. ApExos
represents adipocyte exosomes and MacExos macrophage exosomes. The adipocyte multivesicular body (MVB) is represented with pink color and macrophage light
blue color.
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