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Cannabinoids can influence the immune network. Data on the impact of exogenous cannabinoid ligands

on immune function serve not only to understand how the endocannabinoid system modulates

immune phenomena associated with infection or inflammation, but also to identify therapeutic targets

for immune diseases. Cannabinoids can modulate immune reactions in the periphery but also in the

brain, influence T cell subset balance and cytokine expression and play a role in the balance between

neuroinflammation and neurodegeneration. Immune cells can synthesize endocannabinoids and also be

influenced by cannabinoid analogues. Cannabinoid receptors show different expression on immune

cells depending on activation status and stimuli. The complexity of relation between cannabinoid

ligands of various classes and cannabinoid receptors brought the need to refine the simple conceptual

frame of agonist–antagonists and offered potential implications for understanding interactions in

pathological conditions. The immune influence of cannabinoid ligands is not fully elucidated. However,

aspects of their immunomodulatory effects provide the basis for a context-dependent targeted

therapeutic approach, thus leading to the possibility for the use of cannabinoids in the treatment of

inflammatory disease.

& 2010 Elsevier GmbH. All rights reserved.
Introduction

Cannabinoids, the biologically active constituents of marijua-
na, have been used for thousands of years for their psychoactive
properties. The potential for marijuana to be both a therapeutic
for a variety of conditions and a drug of abuse generated major
efforts in order to clarify the biology and physiological role of
cannabinoids in humans.

The marijuana plant contains more than 60 distinct chemical
cannabinoids. Among them, D9-tetrahydrocannabinol (D9-THC) is
the main psychoactive constituent, first structurally described in
1964 (Gaoni and Mechoulam, 1964) and giving the name for this
class of compounds. In 1992, the first endogenous cannabinoid
was isolated from porcine brain and identified as arachidonyl
ethanolamide (anandamide; from the Sanskrit for ‘‘internal bliss’’)
(Devane et al., 1992). A second endocannabinoid was later
identified (2-arachidonoyl glycerol) (Howlett et al., 2002). Since
then, several synthetic cannabinoid analogues have been proven
to induce similar in vivo effects such as analgesia and behavioral
changes.

The study of the mechanism of action of cannabinoids led to
the identification of a novel system of intercellular signaling, the
endocannabinoid system. This system consists of endogenous
H. All rights reserved.
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ligands and receptors being subject to modulation by natural
and synthetic cannabinoid agonists, and plays important mod-
ulatory functions in the brain and also in the periphery (Klein
et al., 2003). The endocannabinoid system has been conserved
during evolution. Binding sites with stereoselectivity were
demonstrated in invertebrate microglia and immune cells (Salzet
et al., 2000).

CB1R receptor is the most abundant G-protein-coupled
receptor (GPCR) within the adult nervous system (Howlett et al.,
2002). CB1R is localized to a number of functional brain
structures, regulates synaptic neurotransmission and thus med-
iates psychoactive effects, and also providing a target for the use
of cannabinoids as therapeutic agents for a number of neurolo-
gical disorders (Croxford, 2003). CB2R receptor was described in
1993. It is not thought to be involved in psychoactive effects of
cannabinoids and was initially found in the periphery, particularly
in immune cells (mainly B cells and macrophages), but seems also
to play a critical immune role in the CNS (Munro et al., 1993;
Cabral et al., 2008).

The immunomodulatory and anti-inflammatory effects of
cannabinoids are not fully elucidated. These effects have been
reviewed over the years (Hollister, 1986; Cabral and Dove Pettit,
1998; Klein et al., 1998; Berdyshev et al., 2001; Roth et al., 2002;
Croxford and Yamamura, 2005; Massi et al., 2006). Here, we
review some aspects of the immune mechanisms affected by
cannabinoids and, in this light, the therapeutic potential of these
drugs in the treatment of immune diseases.

www.elsevier.de/imbio
dx.doi.org/10.1016/j.imbio.2009.12.005
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Cannabinoid receptors

The two main subtypes of cannabinoid receptors (CBR)
classically described (CB1R and CB2R) are single polypeptides
with an extracellular N-terminus, an intracellular C-terminus and
seven transmembrane helices. Both activate G proteins (Gi
proteins) inhibitory to adenylate cyclase (AC) thus inhibiting the
conversion of ATP to cyclic AMP (cAMP) (Howlett and Mukho-
padhyay, 2000). However, they can also activate AC through
stimulating G proteins (Gs proteins) (Glass and Northup, 1999),
and both are positively coupled to mitogen-activated protein
kinase (MAPK) (Woelkart et al., 2008). CB1R is coupled with ion
channels, inhibiting D-type K+, N and P/Q-type Ca2+ currents,
and activating inward and A-type rectifying K+ currents (Croxford
and Yamamura, 2005). For CB2R, the ion channel modulation is
more variable (Mackie, 2008). CB2R signaling mechanisms also
involve the activation of the phosphatidylinositol 3-kinase and
Akt (PI3K–Akt) pathway and increases the synthesis of the
sphingolipid messenger ceramide, thus having a pro-survival
and a pro-apoptotic effect, respectively (Molina-Holgado et al.,
2002; Carracedo et al., 2006).

Besides the CBR pathway, endocannabinoids also interact with
other GPCR (Mackie, 2008) like the vanilloid receptor-type 1
(TRPV-1) activated by anandamide, and also K+ channels, 5-HT3
receptors and alpha7 nicotinic receptors (Szallasi and Di Marzo,
2000; Oz, 2006). It is not clear which of these interactions are
relevant for the physiologic effects of cannabinoids or just a
consequence of their lipophilic character (Mackie, 2008).

Some effects of the classical cannabinoids such as anti-emesis
may not be mediated only by the CB1R–CB2R receptor system
(Bueb et al., 2001; Parker et al., 2004). Some evidence suggests the
existence of additional cannabinoid receptor subtypes possibly
responsible for these alternative mechanisms (Breivogel et al.,
2001; Howlett et al., 2002). Recent studies focus on GPR55,
suggesting that this receptor can be activated by anandamide and
2-AG (Ryberg et al., 2007).

The localization of CBR is highly relevant for their functions.
CB1R, first identified in mouse spleen cells (Kaminski et al., 1992),
is located mainly on hippocampus and basal ganglia and highly
expressed in the brain regions expected from the psychoactive
effects of D9-THC (Mackie, 2005). In the forebrain, immunocy-
tochemistry studies show that CB1R are expressed mainly by
axons of GABAergic interneurones containing cholecystokinin
basket cells (Bodor et al., 2005; Nyiri et al., 2005). The
endocannabinoids can act instantly or their effects may be long-
lasting (Bacci et al., 2004). Central CB1R can be implicated in
short-term and long-term neuroplasticity (Chevaleyre et al.,
2006).

In peripheral tissues, CB1R is found in adipocytes, liver,
pancreas, skeletal muscle – possibly implicated in the metabolic
cannabinoid effects. Activated somatic CB1R receptors can result
in neuronal hyperpolarisation (Bacci et al., 2004; Cavuoto et al.,
2007; Cota, 2007).

Recent data show that CB1R, like several GPCR, exist as homo-
or heteromultimers (Milligan, 2004), with the possibility that this
might be able to enhance the receptor signaling repertoire
(Mackie, 2005).

CB1R receptors are expressed in T lymphocytes, and may be
involved in cannabinoid-induced T helper cell biasing. Although
they are less expressed in the basal state, CB1R receptors are up-
regulated in T cells by stimuli such as cannabinoids themselves,
and this effect is mediated by IL-4 (Borner et al., 2008).

CB2R are generally expressed at lower levels than CB1R, and
highly selective antibodies for CB2R are difficult to be generated
(Van Sickle et al., 2005). There is strong evidence that
CB2R receptors are expressed on immune cells (especially those
macrophage-derived: microglia, osteoclasts) and neurons
(Galiegue et al., 1995; Ofek et al., 2006). CB2R was also found in
other peripheral structures, such as peripheral nerve terminals in
mouse (Griffin et al., 1997; Lu et al., 2000).

Within the immune system, CB2R level is usually higher than
that of CB1R (Massi et al., 2006) (Gong et al., 2006). CB2R mRNA is
found in decresing amounts in human B cells, NK cells, mono-
cytes, polymorphonuclear neutrophils and T cells (Galiegue et al.,
1995). In the immune organs, CB2R expression was demonstrated
in thymus and spleen. The presence of CB2R in dendritic cells,
potent antigen-presenting cells, suggests a role for cannabinoids
in modulating antigen presentation (Matias et al., 2002). The
expression of CB2R depends of the cell activation state and can be
influenced by immune modulators, as shown by the studies on
rodent peritoneal macrophages (Carlisle et al., 2002).

Immune consequences of CB2R activation include changes in
cytokine release from immune cells and migration of immune
cells inside or outside the central nervous system (CNS) (Cabral
and Staab, 2005).

Initially, northern analysis, quantitative RT-PCR analysis and
autoradiography could not elicit the CB2R presence in the brain,
but Western blot analysis and immunohistochemistry demon-
strated its presence in astrocytes and microglia (Croxford and
Yamamura, 2005). Because CB2R expression on microglia is
related to the cell activation status, it was suggested that it may
be induced by local inflammation, infection or stress (Carlisle
et al., 2002; Croxford and Yamamura, 2005; Wotherspoon et al.,
2005), but further studies demonstrated that CB2R is present in
astrocytes, microglia, neural subpopulations and oligodendroglial
progenitors in healthy brains (Stella, 2004; Maresz et al., 2005;
Van Sickle et al., 2005; Beltramo et al., 2006; Onaivi et al., 2006;
Palazuelos et al., 2006).

The presence of CB2R receptors in the brain opens new
pathways for studies on endocannabinoid system relation to
neuroprotection and neuroinflammation. Microglia is related to
macrophages and represent a major cell type responsible for
chronic neurodegenerative and neuroinflammatory processes.
Microglia also express CB1R and produce endocannabinoids
(2-AG and anandamide) (Carrier et al., 2004, 2005). CB2R
expression is higher in microglial activation states, like ‘primed’
and ‘responsive’ microglia (Carlisle et al., 2002; Cabral et al.,
2008). During these states, cannabinoids exert a stronger
influence on activated microglia functions. It is suggested thus
that a CB2R-dependent ‘‘time-window’’ for functional modulation
of microglial actions exists, and that synthetic and endogenous
cannabinoid analogues have different modulator effects at this
level (Marciano-Cabral et al., 2001; Walter et al., 2003; Cabral
et al., 2008).

Endocannabinoids may play a modulating role between
neurogenesis and neurodegeneration, via the immune system or
on independent pathways (Fernandez-Ruiz et al., 2007; Wolf and
Ullrich, 2008). Therefore, the CB2R receptor in the CNS is an
attractive target for drug development targeting neuroinflamma-
tion and neurodegeneration.

Finally, it must be said that CBR have particularities of reaction
to stimulation that can explain some of the discordant results of
experiments using artificial cannabinoid analogues. These parti-
cularities include partial agonism, inverse agonism and functional
selectivity, and assume the model of receptors existing in
equilibrium between active and inactive conformations (Mackie,
2008). Also, for both CB1R and CB2R, different conformations are
corresponding to different agonists stimuli, consequently activat-
ing different signaling pathways (functional selectivity) (Kenakin,
2001; Mackie, 2008).

Moreover, agonist and antagonist cannabinoid analogues have
different consequences on receptor activation that are related to
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the basal level of signaling of the system receptor. Effects of CB1R
and CB2R modulators are difficult to distinguish in vivo, since the
difference between effects of inverse agonist and neutral
antagonists cannot clearly be separated (Kenakin, 2001; Mackie,
2008; Yao et al., 2006).
The cannabinoid receptor-associated signal transduction and
the immune system

CBR stimulation is implicated in the regulation of DNA binding
of different nuclear factors in the immune cells (Massi et al.,
2006). These effects are mainly achieved via down-regulation of
cAMP formation and signal transduction involving AC (Koh et al.,
1995). Rapid and transient bursts in AC activity are associated
with preceding lymphocyte activation by mitogens, and cytokine
transcription in macrophages is regulated via cAMP signaling
cascade (Kaminski et al., 1994). cAMP analogues variably inhibit
or stimulate immune responses in a concentration-dependent
manner, and can antagonize the effect of cannabinoids on
T lymphocyte-dependent production of antibodies (Koh et al.,
1995).

CBR stimulation seems to antagonize the regulatory role of
cAMP pathway in the early events in immune cell activation, but
again these effects are probably more complex, since natural
cannabinoids, unlike synthetic cannabinoids, act as inverse AC
agonists or antagonists in some circumstances (Bayewitch et al.,
1996) (Massi et al., 2006). cAMP regulates PKA signaling cascade,
which targets multiple intracellular units such as the family of
cAMP response element-binding protein/activation transcription
factor (CREB/ATF). Stimulation by D9-THC inhibits IL-2 secretion
and transcription after the reduction of cAMP formation via CB2R
(Condie et al., 1996; Yea et al., 2000). D9-THC also inhibits protein
kinase A and cAMP response element (CRE)-specific transcription
factor binding and nuclear factor binding to CRE and kB in mouse
splenocytes and thymocytes (Koh et al., 1997; Herring et al., 1998;
Herring and Kaminski, 1999). A similar mechanism was demon-
strated in the macrophage cell line RAW264.7, leading to down-
regulation of inducible NO synthase (Jeon et al., 1996)

Besides cAMP-mediated effects, stimulation of cannabinoid
receptors can act through Gi proteins and have a dual influence on
MAPK activity depending on the ligand and cell type. Cannabinoid
agonists can have different modulator inducing effects on MAPK
signaling pathway. CB2R is probably involved in MAPK phosphor-
ylation after stimulation with 2-AG (Kobayashi et al., 2001).

Indirect evidence suggests the involvement of Gi–Go proteins,
since the response induced by 2-AG is blocked by pertussis
(Kaminski et al., 1994). Therefore, CBR stimulation generates
complex cellular regulation cascades of DNA binding, mainly but
not solely via cAMP pathway, implying also Gi- and Gs-binding
proteins and MAPK stimulation.
Cannabinoid-based analogues and ligands

There are two main groups of cannabinoid ligands, with
varying affinities for actually described receptors. The first group
is based on the structure of marijuana cannabinoids and includes
natural compounds [D9-THC, D8-THC, cannabichromen (CBC),
cannabigerol (CBG) and tetrahydrocannabivarin (D9-THCV) – all
psychoactive, cannabinol and cannabidiol – both without psy-
choactive proprieties] and synthetic ligands [CP55940, HU-210,
HU-211, ab-cannabidiol, ajulemic acid].

The main representative members of the second group
are arachidonic acid metabolites N-arachidonyl ethanola-
mide or anandamide (AEA), 2-arachidonoyl glycerol (2-AG),
palmitoylethanolamide (PEA), 2-arachidonylglycerylether (nola-
din ether) and O-arachidonyl ethanolamine (virodhamine)
(Fowler et al., 2005; Porter et al., 2002).

Several CB1R- and CB2R-selective agonists and antagonists
have been developed. CB1R-selective antagonists include
SR141716A (rimonabant), AM251, AM281 and LY320135;
SR144528 and AM630 are CB2R-selective antagonists (Pertwee,
2005). Neutral cannabinoid receptor antagonists apparently
lacking inverse agonist activity have also been developed
(Pertwee, 2006).

Endocannabinoids: AEA is produced by immune cells and
neurons, and is more selective for CB1R than CB2R. It is found
in brain, spleen, skin, kidney and uterus (Yang et al., 1999;
Croxford and Yamamura, 2005). AEA is highly produced by brain
areas where CB1R is highly represented (striatum, hippocampus,
cerebellum) and is implicated in cannabis-related effects like
nociception and catalepsy. Evidence exists that AEA can activate
TRPV-1 receptors as well as acting on CB1R and CB2R (Pertwee,
2005).

2-AG was first isolated from canine gut tissue (Mechoulam
et al., 1995). 2-AG is present in higher quantities than AEA in
the immune system and has lower affinity for CB1R. 2-AG
can stimulate through CB2R the chemotactic response of
microglial cells, and these effects are antagonized by exogenous
cannabinoids (D9-THC, CP55940) (Cabral et al., 2008)

PEA is generated by neurons and immune cells. It is produced
during inflammation and inhibits mast cells via CB2R and
downregulates inflammation (Calignano et al., 1998; Facci et al.,
1995). However, even though CB2R antagonists can counteract its
cannabinoid-like effects, it was suggested that it does not bind
either CB1 or CB2 (Facci et al., 1995; Croxford and Yamamura,
2005).

The receptor response to a specific endocannabinoid is
influenced by the ligand concentration, the presence of other
cannabinoid ligands molecules, the receptor density and state of
activation and the quantities of signaling proteins.

The pharmacology of plant-derived ligands was recently
reviewed (Pertwee, 2008). Phytocannabinoids can stimulate the
cannabinoid system via CB1R or CB2R, like D9-THC, but
nonpsychotropic ligands (cannabinol, cannabidiol) can exert
anti-inflammatory effects despite a low affinity for CBR (Malfait
et al., 2000).

D9-THC is a partial agonist which can block activation by other
ligands of both cannabinoid receptors, but can also induce
stimulatory effects, depending on the receptor expression level,
coupling efficiency and endogenous cannabinoid release (Patel
and Hillard, 2006; Straiker and Mackie, 2006; Pertwee, 2008). The
influence of the conversion of D9-THC in 11-OH-D9-THC, a
stronger agonist, on the balance of agonist/antagonist actions is
subject to discussion (Pertwee, 2008). D9-THC can have mod-
ulator effects on both cell-mediated and humoral immunity. It
may suppress T cell proliferation, by inhibiting IFN-g production
and influencing Th1/Th2 balance via a CB2R-mediated mechanism
that could be reversed by SR144528 (Jan et al., 2003; Yuan et al.,
2002). It also affects its antioxidant capacity (Arends, 1997;
Woelkart et al., 2008).

Cannabidiol, by antagonizing CB1R/CB2R agonists, can inhibit
immune cell migration and thus induce anti-inflammatory effects
(Walter et al., 2003; Lunn et al., 2006).

D9-THCV is in vitro a CB2R partial agonist at concentrations
in the low nanomolar range, and a CB1 antagonist with tissue
specificity (Pertwee, 2008). In vivo, D9-THCV can act as an
antagonist or, at higher doses, as an agonist for CB1R. It is
not known if D9-THCV has CB2R agonist activity in vivo and
if it can act on other targets as CB1R or CB2R (Mallat et al.,
2007).
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Alkamides derived from Echinacea sp. have structural simila-
rities with AEA and affinity for CB2R (Raduner et al., 2006). In low
nanomolar concentrations, they can exert effects on cytokine and
chemokine expression in human blood (Woelkart et al., 2006).
It was shown that IL-6 produced by B cells or macrophages can be
increased by alkamides and AEA in a CB2R-dependent manner
(Jones, 2005; Woelkart et al., 2008). By alternative non-CB2R
mechanisms, same compounds can inhibit the LPS-stimulated
expression of TNF-a, IL-1b and IL-12p70, but not IL-6 and IL-8
(Raduner et al., 2006). The immune effects (anti- or proinflam-
matory) of alkamides are concentration-dependent and influ-
enced by the stimulus applied and degree of unsaturation of the
lipophilic tail (Raduner et al., 2006). This higher metabolic
stability compared with AEA suggests a promising therapeutic
potential for alkamides.

Synthetic cannabinoids have different structure from endocan-
nabinoids. CP55,940 and HU-210 are non-CBR selective agonists
more potent than D9-THC, and WIN55,212 has agonist affinity for
both CB1R and CB2R.

The complexity of endocannabinoid network and the different
effects of endocannabinoid ligands, phytocannabinoids and
synthetic cannabinoid analogues in modulating signal trasmission
via cannabinoid receptors or alternate pathways raise difficulties
in studying immune effects of different cannabinoid agonists. The
discrepancies between many studies demonstrating inhibitory
effects on the immune system and recent studies showing a
stimulatory action on immune cells can be explained by the
heterogeneity in the types and concentrations of cannabinoid
ligands, methods and experimental protocols.

The immune effects modulated by cannabinoids must be
considered in regard to a concentration-dependent activity. There
is a biphasic response associated to the cannabinoid ligand
concentration. Thus, in vitro, a molecule can be simulatory in
nanomolar concentration, and have inhibitory effects in micromolar
concentration range – that means more than ten-fold higher
than those observed in cannabis smokers’ blood (Croxford and
Yamamura, 2005). Moreover, the partial agonist effect of phytocan-
nabinoid D9-THC is antagonistic for the endocannabinoid agonist
2-AG, the difficulty in defining a clear picture of the cannabinoids
immune modulation thus rising also from the complexity of
interactions.
Cannabinoid receptor expression by immune cells

Expression levels seem to be correlated with the cell activation
status and activating stimuli (Croxford and Yamamura, 2005).
Mitogen stimulation decreases CB1R expression in T cells but
produces the inverse effect in B cells (Noe et al., 2000). The human
Jurkat T-cell line and mouse macrophages express more CB1R
when they are activated (Daaka et al., 1996; Klein et al., 1998)
and splenocyte CB2R mRNA is less abundantly expressed after
LPS-stimulation and more expressed after anti-CD40 co-stimula-
tion (Lee et al., 2001).

Marijuana use and anti-CD40 costimulation can increase both
CB1R and CB2R expression, LPS and phytohemagglutinin (PHA)
can increase only CB1R expression, whereas PMA and IFN-g may
stimulate CB2R expression. Suppressor stimuli of CB1R expression
are anti-CD3 antibody, LPS and ionomycin, and inhibitors for
CB2R expression are LPS and TGF-b (Klein et al., 2003).
Conversely, the influence of cannabinoids on immune function
mediated through cannabinoid receptors is supported by their
lack of effect in CB2R deficient T helper cells (Buckley et al., 2000).
Recently it was shown that CB1R expression can be up-regulated
by IL-4 in T lymphocytes, which enables CB1R-mediated commu-
nication to neuronal cells (Borner et al., 2008).
Cannabinoid effects on cellular immunity

Since 1970, when the first studies on marijuana smoking
effects on immune cells were reported, the effects of cannabinoids
on immune function have been extensively studied.

T cells: Cannabinoids can influence T cell immunity in various
manners: they can affect T cell number and proliferation, but may
also have important effects on T helper 1- and 2-specific cytokines
and TGF-b secretion (Croxford and Yamamura, 2005).

Initial studies done on T cells from blood of marijuana smokers
showed inhibitory effects such as decreases in number or
sensitivity (Nahas et al., 1977; El-Gohary and Eid, 2004), but
other studies failed to confirm these findings (White et al., 1975;
Lau et al., 1976). This variability of results can be partly explained
by the heterogeneity of the studies, with different routes of
administration, type and quantity of marijuana used, THC
concentration, frequency of smoking and duration of inhalation.
Secondly, moderate marijuana smoking has different effects on
immune cells exposed directly to smoke than on cells of systemic
immunity. Alveolar macrophages in smokers have less cytokine
production and responsiveness and lesser antimicrobial activity
(Shay et al., 2003; Baldwin et al., 1997; Klein et al., 2003).
Lymphocyte recruitment to the pulmonary airways is decreased
in D9-THC-treated mice challenged with influenza virus A/PR/8/
34 (PR8) when compared with mice challenged with PR8 alone. In
the same model, targeted deletion of CB1R and CB2R produced
enhanced inflammatory responses to influenza PR84 in the
absence and presence of D9-THC, suggesting involvement of
CB1R/CB2R-dependent and -independent mechanisms in D9-THC
effects (Buchweitz et al., 2008).

Acute exposure-related immune effects have also to be
distinguished from those produced by chronic exposure to
cannabinoids that may result in modulation of CBR expression,
decreasing in T cell number and increased incidence of infection
and head and neck squamous carcinoma (Sidney et al., 1997;
Zhang et al., 1999; Nong et al., 2002; El-Gohary and Eid, 2004)

Early studies on the D9-THC treatment of mice and rats or in
animal and human immune cell cultures had shown a suppressive
effect on cellular functions in T and B cells, natural killer cells or
macrophages (Nahas et al., 1977). Nevertheless, in some situa-
tions a biphasic effect was shown, with low (micromolar) doses of
D9-THC being stimulatory and higher concentrations inhibitory
(Patrini et al., 1997). Non-psychoactive ligands had slightly
stronger effects than D9-THC, and alternative non-CB1R/CB2R
mechanisms were suggested for T cell suppression (Tashkin et al.,
2002; Croxford and Yamamura, 2005).

In the human Jurkat T cell line, activation can induce
upregulation of CB1R transcription. It was suggested that this
phenomenon, together with the constitutive expression of CB2R,
enables cellular responses to cannabinoids by both receptor-
mediated pathways (Borner et al., 2007).

Acute, but not chronic CP55,940 treatment inhibits PHA-
induced splenocyte proliferation, possibly by CB2R down-
regulation after chronic exposure (Massi et al., 1997). On the
other hand, several-days D9-THC treatment inhibited splenocyte
proliferation induced by ConA, whereas acute injection had no
effect (Massi et al., 1998; Patrini et al., 1997).

CD8 cells seem to be more sensitive to cannabinoid action (Klein
et al., 1991)than CD4 cells. Cannabinoids can affect the cytolytic
capacity of cytotoxic T lymphocytes, but apparently not inhibit the
T cell binding to the target cell (Fischer-Stenger et al., 1992). T cell
stimulation is reduced also via cannabinoids effects on dendritic
cells (DC), by reducing the DC surface expression of MHC class II
molecules in a CB1-dependent manner (Wacnik et al., 2008).

A very important point in analyzing the immune influence of
the cannabinoids on T cell function is the modulation of T helper
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cell subsets (Th1 and Th2). The effects on the more recently
described Th17 subsets have not been extensively studied.
Cannabinoids produce a biasing in the balance between the two
types of Th cells, suppressing Th1 and enhancing Th2, both CB1R
and CB2R being involved in this immune deviation (Yuan et al.,
2002). IFN-g, IL-12, and IL-12 receptors are decreased by D9-THC
treatment, whereas the Th2 and Th2-promoting cytokines are
increased. This bias has several mechanisms. It was suggested to
be partly explained by different expression of cannabinoid
receptors on Th subpopulations and on antigen-presenting cells.
A part of this effect is due to modulation of cytokines generated
by dendritic cells (Lu et al., 2006). Moreover, induction of Th2
associated cytokines can subsequently inhibit Th1 cells (Croxford
and Yamamura, 2005). Nevertheless, recent data showed that
cannabinoids can directly induce B cell class switching from IgM
to IgE, thus biasing toward Th2 type immunity, and this involves
CB2R receptors (Agudelo et al., 2008).

Of much interest are the immune effects of endocannabinoids.
AEA may produce, in a concentration equivalent to those that
regulate neuronal response, a dose-dependent inhibition on
mitogen-induced T and B human lymphocyte proliferation
(Schwarz et al., 1994). It is suggested that AEA can influence cell
growth by cannabinoid receptor-independent mechanisms
(Derocq et al., 1998). AEA was also demonstrated to have a
pro-proliferative effect on hematopoietic cell lines, acting syner-
gistically with other growth stimuli. These effects were not seen
for other natural or synthetic cannabinoid ligands (Valk et al.,
1997). 2-AG was shown to have strong immunomodulatory
activity on mitogen-induced T cell proliferation in mouse
splenocytes, enhancing it at high cell density and producing the
inverse effect at low cell density conditions. Its rapid degradation
to arachidonic acid may activate other pathways of lymphocyte
proliferation (Lee et al., 1995). Recently it was shown that
cannabidiol, which suppresses IL-2 production from activated
murine splenocytes, can suppress T cell function, and that
cannabinoid receptors play a role in modulating the magnitude
of these effects (Kaplan et al., 2008).

The cannabinoid effects on cytokine production related to Th
cells are of particular importance in regard to the therapeutic
potential that these targets can represent. D9-THC can inhibit
IFN-g secretion in a CB2R-dependent way (Yuan et al., 2002) and
cannabinoid ligands can suppress the expression of other
cytokines that may potentiate inflammation, such as TNF-a,
IL-1, IL-2, IL-6, IL-12 (reviewed by Croxford and Yamamura, 2005).
Targeting and blocking Th1 associated cytokines and potentiation
of Th2 type cytokine pathways have shown promising results in
animal models of inflammatory conditions such as experimental
autoimmune encephalomyelitis and experimental arthritis (Racke
et al., 1991; Mageed et al., 1998; Triantaphyllopoulos et al., 1999;
Croxford and Miller, 2003; Massi et al., 2006). Regulatory T cells
are involved in the attenuation of experimental autoimmune
hepatitis by exogenous and endogenous cannabinoids
(Hegde et al., 2008); these data potentially opens the way for
cannabinoid-based future therapies of inflammatory disease in
humans.

Natural killer cells (NK): NK cell numbers are lowered by
ingestion of ‘‘bhang’’, a form of marijuana extracted from cannabis
leaves and used as a drink or smoked (El-Gohary and Eid, 2004).
Various animal studies showed that both proliferation and
cellular cytolytic activity can be influenced by cannabinoid
treatment, and that these effects can be mediated by CB1R and
CB2R (Massi et al., 2006). However, in humans, NK cell functions
do not seem to be significantly affected by cannabinoids.

Macrophages: Macrophages exert important roles in both
innate and adaptive immunity and express both cannabinoid
receptors, but predominantly CB2R (Sinha et al., 1998). As with
other immune cells, the relation between cannabinoids and
macrophage functions is bidirectional. Cannabinoid ligands can
interfere, predominantly by inhibition, with macrophage migra-
tion (CB2R mediated) (Raborn et al., 2008), antigen presentation
to T cells and phagocytic capacity (Sacerdote et al., 2005). They
can also influence the release of inflammatory mediators such as
nitric oxide (CB1R mediated), TNFa, IL-1, IL-6, IL-10 and IL-12, and
the production of arachidonic acid metabolites in macrophage
cultures via CBR (Berdyshev et al., 2001; Cabral et al., 1995). On
the other hand, macrophages can synthesize endocannabinoids
such as anandamide and 2-AG, which can modulate immune
response and cell differentiation through cannabinoid receptor-
dependent and -independent mechanisms (Ross et al., 2000;
Massi et al., 2006; Croxford and Yamamura, 2005). The pattern of
CB2R expression and thus the cannabinoid effects on macro-
phages are dependent of their state of activation, being maximal
in ‘‘primed’’ and ‘‘responsive’’ states and minimal in ‘‘resting’’ and
‘‘fully activated’’ states. In this ‘‘activation window’’, macrophage
properties include antigen processing and presentation, chemo-
taxis and phagocytosis, and cannabinoids can influence specific
proteases, whose function is requisite for processing of specific
antigens, thus the nature of antigen being related to a particular
ligand effect (Klein and Cabral, 2006).

Neutrophils: Cannabinoid receptors can be expressed by
neutrophils(Galiegue et al., 1995). However, endocannabinoids,
phytocannabinoids and related ligands are potent inhibitors of
human neutrophil migration, possibly by non-CBR-dependent
mechanisms, though such effects on healthy human neutrophils
were not observed with low doses of THC (Deusch et al., 2003).
Cannabinoid ligands such as CP55,940, but not AEA, can inhibit
neutrophil lysosomal enzyme release (Kraft et al., 2004).

Mast cells (MC). MC are found in nervous system, mucosal and
connective tissue, and are involved in allergic and inflammatory
responses. Despite controversy on CBR expression and cannabi-
noid effects on MC (Croxford and Yamamura, 2005), it is accepted
that CB2R can be expressed by MC, although PEA can control MC
degranulation via a CB1R/CB2R-independent mechanism (Giudice
et al., 2007; De Filippis et al., 2008). Cannabinoid ligands,
including PEA and related compounds, may act to control mast
cell activation and degranulation early during the inflammatory
response (De Filippis et al., 2008).
Cannabinoid effects on B cells and humoral immunity

Cannabinoid compounds may affect B cells number, proliferation,
migration, Ig production or isotype switching (Croxford and
Yamamura, 2005). In mice, 2-AG preferentially attracts unstimulated
naive B cells, thus probably influencing the structure of B cell
compartments in secondary lymphoid tissues (Tanikawa et al.,
2007). B cells, IgG and IgM, and some complement proteins are
decreased in bhang users (El-Gohary and Eid, 2004) and anti-
body production in smokers’ blood is differentially influenced
by cannabinoid ingestion (Rachelefsky et al., 1976; Nahas and
Osserman, 1991). Also, antibody production is suppressed in spleno-
cyte cultures by either synthetic or plant CBR ligands, possibly by
a G-protein-coupled receptor mechanism (Kaminski et al., 1994;
Massi et al., 2006). In ovalbumin-sensitized mice, cannabidiol
suppression of humoral immunity could be mediated by the
impaired functions of splenocytes (Jan et al., 2007). Recently, it
was shown that both THC and anandamide can induce dose-related
immunosuppression in both the primary and secondary in

vitro plaque-forming cell assays of antibody formation, via CB2R
receptors (Eisenstein et al., 2007). B cell proliferation and migration
can be differentially influenced by cannabinoid ligands, in a
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concentration-dependent manner – a biphasic effect similar to the
one seen in T cell studies, with low doses acting as proliferation
inducers, and in a class specific way – synthetic and phytocanna-
binoids being inhibitory, and endocannabinoids having positive
effects (Croxford and Yamamura, 2005). CB2R pathway seems to be
involved as well in some of the cannabinoid influence on B cell
migration and differentiation (Jorda et al., 2002; Ziring et al., 2006).
CB2R receptors can mediate B cell shift from IgM to IgE, thus
contributing to Th2 biasing (Agudelo et al., 2008). It is suggested that
endocannabinoids play a positive role in mobilizing B cells during
immune responses, but cannabinoid effects on B cells are, at least in
part, indirectly mediated through macrophages and T cells required
for B cell activation (Croxford and Yamamura, 2005). Moreover, the
cannabinoid impact on serum Ig titers can be also via the profile of T
helper-derived cytokines.

Cytokines: The relation between cannabinoids and cytokines is
discussed separately in this special issue. However, some features
are noted here. Firstly, there is no doubt that psychoactive and
non-psychoactive ligands have demonstrated either in vivo or
in vitro effects on the production and function of a variety of
cytokines through both cannabinoid receptor-dependent and -
independent mechanisms (Klein et al., 2000). The endocannabi-
noid system modulates the cytokine network and related immune
interactions. Synthetic low affinity ligands and phytocannabi-
noids have been proven to inhibit TNF-a and other acute phase
cytokines, but some of these ligands have also been shown to
increase in some conditions TNF-a and other inflammatory
cytokine or chemokine expression (Klein et al., 2000). Moreover,
depending upon the model system, the cannabinoid effects on
cytokines are often conflicting. Although the current compounds
offer considerable information regarding the physiological roles of
the endocannabinoid system, the lack of compounds selectively
interfering with the synthesis of anandamide or with the MAG
lipase catalyzed breakdown of 2-AG made the study of endocan-
nabinoid effects difficult (Fowler et al., 2005). To date, abundant
information suggest that cannabinoid effects on cytokine-depen-
dent pathways correlate with a shift in cytokine expression profile
from that of proinflammatory Th1 to that of anti-inflammatory
Th2, as discussed above (Klein and Cabral, 2006). Secondly,
immune cells with modified cytokine pattern of secretion after
cannabinoid treatment can also express various humoral media-
tors, thus increasing the complexity and reinforcing the bidir-
ectionality of the relationship between cannabinoids and
cytokines.
Therapeutic implications

The immune effects of cannabinoids and endocannabinoid
system provide promising therapeutic implications in a variety of
conditions.

Multiple sclerosis: Used for symptom control such as spasticity
and pain in MS patients (discussed further in this special issue, see
Rog et al., 2005; Consroe et al., 1997; Notcutt et al., 2004; Pertwee,
2002; Zajicek et al., 2003; Rog et al., 2005; Wade et al., 2004),
cannabinoid agonists can exert both immunomodulatory and
neuroprotective effects. In study models, immunomodulation
was associated with reduced myelin-specific T cell responses
and reduced clinical disease (Croxford et al., 2008). This implies
indirect mechanisms by CB1 nerve signaling pathways controlling
the systemic release of immunomodulatory molecules, and direct
actions by CB2R-mediated inhibition of macrophages, microglia
and lymphocyte function (Baker et al., 2007). In clinical practice,
however, the relevance of these actions is unclear, since these
effects only occur at high doses. On the other hand, it is suggested
that lower doses of cannabinoids, non-immunosuppressive, can
slow the accumulation of axonal loss and disability, acting on the
glial response implicated in the neurodegenerative component of
the disease. Also, potentiation of the endogenous cannabinoid
signaling could represent a substitute to the use of exogenously
administrated cannabinoid ligands (Loria et al., 2008).

Other neurodegenerative diseases with immune connections
may be targeted by therapeutic approaches in the future, since
neurogenesis might be regulated by brain cannabinoids, either
directly or indirectly via the immune system. For example, in
Parkinson’s disease (PD), cannabinoid-based compounds might
provide protection against the progression of neuronal injury and
influence local inflammatory events associated with the char-
acteristic pathogenesis of this disease (Lastres-Becker and
Fernandez-Ruiz, 2006).

Atherosclerosis: A growing body of evidence suggests that
endocannabinoid signaling plays a critical role in the patho-
genesis of atherogenesis and its clinical manifestations (Steffens
et al., 2005; Mach and Steffens, 2008). CB2R activation by THC
inhibits atherosclerotic plaque progression in mice by inhibiting
macrophage recruitment and anandamide inhibits inflammatory
gene expression in endothelial cells, and consequently monocyte
adhesion (Mach and Steffens, 2008). CB2 may influence
atherosclerosis by modulating lesional macrophage apoptosis
(Freeman-Anderson et al., 2008). Endocannabinoids might also
mediate pro-atherosclerotic effects by inducing platelet activation
(Mach and Steffens, 2008). Further understanding of whether
increased endocannabinoid signaling is associated with disease
progression and increased risk of acute thrombotic events may
result in potential pharmacological approach in order to decrease
atherosclerosis process.

Rheumatic disease: The cannabinoid receptor system may
become an important therapeutic target for the treatment of pain
and inflammation associated with ostheoarthritis (OA) and
rheumatoid arthritis (RA). The basis of this approach could be
the reduction in Th1 immunity, or triggering the articular
cannabinoid system. This has been demonstrated in an experi-
mental model of arthritis, where cannabidiol had anti-arthritis
effects (Malfait et al., 2000) and in patients with RA where the
drug Sativex, a combination of D9-THC and cannabidiol reduced
disease activity (Blake et al., 2006). Non-steroidal anti-inflamma-
tory drugs (NSAIDs), which act via the inhibition of cyclooxygen-
ase, have been shown to inhibit FAAH, an essential enzyme in the
synthesis of endocannabinoids (Fowler et al., 2003). CB1R and
CB2R system, anandamide and 2-AG are present in the synovia of
patients with OA and RA, whereas PEA levels are higher in the
synovial fluid of normal volunteers (Richardson et al., 2008). This
suggests that the loss of PEA may contribute to arthritic disease
and support the important functional role of the endocannabinoid
receptor system in these conditions. Also, CB1R and TRPV-1
receptors, but not CB2R, seem to be important targets in
controlling OA pain (Schuelert and McDougall, 2008).

The cannabinoid ajulemic acid has several effects that make it
attractive for future therapies in rheumatoid arthritis, systemic
lupus erythematosus and osteoporosis. It suppresses human
macrophage IL-6 (Parker et al., 2008), inhibits osteoclastogenesis
in mononuclear precursor cells and induces apoptosis in mature
osteoclast-like cells (George et al., 2008).

Diabetes and lipid metabolism: In diabetes, cannabinoids may
protect against islet destruction by suppressing insulitis and
IFN-g, TNFa and IL-12 mRNA expression (Li et al., 2001), but also
treating neuropathic pain in diabetic patients via CB2R path-
way (Croxford and Yamamura, 2005). Rimonabant (SR141716)
is a CB1R-selective inverse agonist of CBR. Rimonabant can
inhibit adipocyte function and was used in the treatment of
obesity. However it has psychiatric side-effects (van Diepen et al.,
2008).
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Allergic asthma: Cannabinoids may be beneficial in the
treatment of asthma, by ameliorating of cytokine profiles,
decreasing overproduction of mucus in the lungs and by playing
a role in bronchodilation (Croxford and Yamamura, 2005).

Gut and liver disease: Cannabinoids may reduce gut inflamma-
tion via CB1R and/or CB2R activation by direct suppression of
proinflammatory mediators, inhibition of intestinal motility and
diarrhoea, and attenuation of visceral sensitivity (Izzo and
Camilleri, 2008). Exogenous or endogenous cannabinoids target-
ing cannabinoid receptors and use of FAAH inhibitors may
constitute novel therapeutic modalities for immune-mediated
liver inflammation (Hegde et al., 2008), hepatic fibrosis and
hepatic and intestinal neoplastic disease (Izzo and Camilleri,
2008). Also, CB2R activation is a promising therapeutic target in
gastrointestinal inflammatory states where there is immune
activation and motility dysfunction (Wright et al., 2008).

Finally, we emphasize the context-dependent effects of
cannabinoid ligands, with different consequences on immune
interactions. Endogenous cannabinoids are released following
various types of injury to the brain. The ‘‘immune economy’’ is
different depending on the type of injury (Herrera et al., 2008).
Consequently, immune effects of cannabinoids will be different
for conditions as inflammation, stroke or various infections,
making it more difficult to predict the net impact of CBR
activation on complex pathological events. Further study is
necessary to clarify how and when to enhance the positive anti-
inflammatory and tissue protective potential of cannabinoids,
without deleterious effects.
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