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Though many studies have examined the role of CB2 receptors in immune cell migration, it has been difficult to form definitive
conclusions about the physiopathological role of these receptors in regulating immune responses and how this might be
pharmacologically targeted for therapy. Do cannabinoids promote inflammation through the recruitment of immune cells, or
reduce inflammation by interfering with the action of other chemoattractants? Is therapeutic intervention with an agonist or
antagonist more appropriate for the reduction of inflammation? In this review, we will summarize the progress that has been
made in answering these questions and outline current hypotheses.

British Journal of Pharmacology (2008) 153, 299–308; doi:10.1038/sj.bjp.0707523; published online 5 November 2007

Keywords: cannabinoid; CB2; migration; chemotaxis; leukocyte

Abbreviations: 2-AG, 2-arachidonoylglycerol; abn-CBD, abnormal cannabidiol; anandamide, N-arachidonoylethanolamine;
CBD, cannabidiol; D9-THC, D9-tetrahydrocannabinol; DEA, docosatetraenylethanolamide; eCBs, endocanna-
binoids; fMLP, formyl-methionyl-leucyl-phenylalanine; HEA, homo-g-linolenylethanolamide

For centuries, Cannabis sativa has been recognized for its

medicinal and psychoactive properties, but only in the last

decade have we begun to unravel the molecular mechanisms

of these effects. The cloning of two cannabinoid receptors,

CB1 and CB2, has brought about the exciting possibility of

harnessing the therapeutic, non-psychotropic effects of

cannabinoid compounds. Indeed, the mechanisms under-

lying the psychotropic effects have been clearly attributed

to CB1 receptors (Huestis et al., 2001), while many of the

medicinal properties, especially those related to immune

system modulation, are likely mediated by CB2. This

dichotomy is based largely on the tissue distribution of

these receptors: CB1 is abundantly expressed by the vast

majority of neurons, while CB2 is abundantly expressed by

immune cells and only by a restricted population of neurons

in the brain stem (Van Sickle et al., 2005).

Cannabinoid ligands acting on CB2 receptors expressed by

immune cells inhibit cytokine production (Ehrhart et al.,

2005), decrease antigen presentation (Buckley et al., 2000)

and modulate cell migration—the subject of this review. The

rank order of CB2 mRNA expression in immune cells is:

B lymphocytes 4natural killer (NK) cells 44monocytes

4polymorphonuclear neutrophil cells 4CD8þ T cells

4CD4þ T cells (Galiegue et al., 1995). Before outlining

how cannabinoids affect the migration of each type of

immune cell, we will introduce the basic pharmacology of

these compounds.

Cannabinoids, the ligands that engage cannabinoid

receptors, fall into three main classes. The endogenous

ligands—or endocannabinoids (eCBs)—are long-chain fatty

acid derivatives. Two eCBs, N-arachidonoylethanolamine

(anandamide) and 2-arachidonoylglycerol (2-AG), have been

extensively studied and shown to be bona fide lipid

transmitters (Piomelli, 2005). eCB candidates have also been

identified, such as homo-g-linolenylethanolamide (HEA)

and docosatetraenylethanolamide (DEA), but so far these

lipids have only been shown to bind to and activate CB1

receptors (Hanus et al., 1993) and whether they also act on

CB2 receptors is not known. The second class of cannabi-

noids, the phytocannabinoids, consists of more than 60

compounds derived from the Cannabis plant family, several

of which are bioactive. The most well-known bioactive

phytocannabinoid is D9-tetrahydrocannabinol (D9-THC),

which produces the psychotropic effects associated with

marijuana use. Another bioactive phytocannabinoid, canna-

bidiol (CBD), regulates important physiological functions,

such as immune responses and blood pressure (Pertwee,

2005). These effects are achieved in the absence of psycho-

tropic side effects, since CBD does not bind to CB1 receptors.

The third class of ligands consists of synthetic compounds

that act with varying degrees of efficacy and selectivity at

cannabinoid receptors. For example, the non-selective
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agonists CP55940 and WIN55212-2 act at both CB1 and CB2

receptors with nanomolar affinities, whereas JWH-015 and

JWH-133 selectively activate CB2, also with nanomolar

affinities. When administered near their respective Kd for

the corresponding cannabinoid receptor, several antagonists

are quite selective; notable examples include the CB1

antagonist SR141716A and the CB2 antagonists SR144528

and AM630. However, caution must be taken because at

higher concentrations, these antagonists are capable of

binding to both CB1 and CB2 (see Table 1). All these

cannabinoids will be further discussed in this review.

In addition to CB1 and CB2, it is also important to note the

existence of additional putative cannabinoid receptors.

These receptors have been pharmacologically characterized

either through studies performed in cannabinoid receptor-

knockout mice, or using ligands that have little to no affinity

for CB1 and CB2 (Mackie and Stella, 2006). At least three

novel receptors have been identified. The first, identified in

the brain of CB1
�/� mice, is activated by anandamide and

WIN55212-2 (Breivogel et al., 2001). A second receptor,

demonstrated in the vasculature, is activated by abnormal

cannabidol (abn-CBD). This ligand, a structural analogue of

plant-derived CBD, does not have a measurable affinity for

either CB1 or CB2 (Showalter et al., 1996). Interestingly, a

putative CB1 selective agonist, arachidonylcyclopropylamide

(Hillard et al., 1999), has recently been shown to also interact

with this novel abn-CBD-sensitive receptor (Franklin and

Stella, 2003). The third putative cannabinoid receptor was

shown to reduce pain associated with inflammation

(Calignano et al., 1998; Jaggar et al., 1998). This receptor is

activated by palmitoylethanolamide (PEA), a putative en-

dogenous cannabinoid. Although many effects of cannabi-

noids on migration can be attributed to CB1 and CB2, in

some cases the involvement of these putative receptors has

been demonstrated or at least cannot be ruled out.

Recent work has shown that the three classes of cannabi-

noid ligands can differentially modulate second messenger

pathways (a phenomenon also known as ‘agonist traffick-

ing’) (Shoemaker et al., 2005). For example, low concentra-

tions of 2-AG stimulate the Erk kinase pathway without

affecting adenylyl cyclase activity, while low concentrations

of CP55940 inhibit adenylyl cyclase activity without

affecting the Erk kinase pathway (Shoemaker et al., 2005).

This appears to have relevance for CB2-mediated modulation

of immune cell migration, since we found many examples in

the literature of 2-AG-induced migration of CB2-expressing

immune cells, but very few of CP55940-induced migration.

Since ‘agonist trafficking’ is likely to be relevant when

assessing cannabinoid-induced migration, we will emphasize

the actual drug that was used and its concentrations when

reviewing the effect of cannabinoids on the migration of

each immune cell type.

Cell migration is important in a variety of physiological

and pathological processes, including development, cancer

metastasis and autoimmune diseases. Chemotaxis, the

process by which cells migrate according to specific con-

centration gradients, is a mechanism of cell-to-cell commu-

nication whereby resident cells recruit additional cells

through the release of a chemotactic agent, classically a

chemokine. This process involves three interrelated

modalities (Van Haastert and Devreotes, 2004). First, in the

absence of a chemoattractant, cells randomly extend

pseudopodia, which probe their environment for directional

cues. This process is mediated by the spontaneous polymer-

ization of actin filaments. Second, the presence of a

chemotactic gradient serves a directional sensing function,

increasing the probability of pseudopod formation and

driving cells in the direction of highest chemokine concen-

tration. Third, polarization occurs when both front and rear-

specific signalling cascades occur. Although the interplay of

these three modalities varies between cell types, the general

pathway by which polarization occurs and migration is

initiated often relies on the activation of seven-transmem-

brane Gi/o protein-coupled receptors. For example, activated

Gi-bg subunits trigger signalling cascades that modulate Rho

family small GTPases and Erk kinase (Ridley et al., 2003). The

outcomes of these signalling cascades often culminate in

protrusion and adhesion of the leading edge, and retraction

of the posterior tail of the cell.

The molecules stimulating chemotaxis can be either

peptides (for example, chemokines), small molecules (for

example, neurotransmitters and nucleotides) or lipids

(Murphy et al., 2000; Straub et al., 2000; Honda et al.,

2001). Understanding lipid-induced migration presents a

unique challenge. While it is easy to imagine water-soluble

peptides and small molecules diffusing throughout the

intracellular milieu and forming concentration gradients,

this concept is more difficult to comprehend when con-

sidering lipids, which dissolve much less readily into

aqueous solutions. However, several examples exist in which

lipids are capable of mediating cell migration, including

lysophosphatidic acid (LPA), which induces chemotaxis in

many different cell types (Gerrard et al., 1980; Jin et al., 2003;

Bian et al., 2004; Hama et al., 2004; Idzko et al., 2004). eCBs

are also lipids that modulate cell migration through specific

receptors and we will now review their effects with regards to

each type of immune cell.

Macrophages

Macrophages play an important role in immunity: they

migrate toward diseased tissue, engulf damaged cells and

invading pathogens, and present antigens to the adaptive

immune system. Over 30 years of research has been

conducted to try and understand how cannabinoids regulate

the migration of macrophages and their progenitors, mono-

cytes. Reports published in the 1970s showed that D9-THC

inhibited the migration of leukocytes isolated from human

blood (Schwartzfarb et al., 1974). Purified D9-THC had less

inhibitory activity than total Cannabis extract, suggesting a

role for other phytocannabinoids. An additional early

finding showed that D9-THC decreased the inhibitory effect

of migration inhibition factor, thus resulting in net increase

in macrophage migration (Gaul and Mellors, 1975).

In recent years, the cloning of the cannabinoid receptors

and development of specific ligands to target each receptor

subtype has opened a new round of investigation into the

effects of cannabinoids on macrophages. In 2000, it was

reported that CP55940 inhibited the spontaneous migration

CB2-mediated immune cell migration
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Table 1 Cannabinoid receptor ligands discussed in this review

Ligand Abbreviations CB1 Ki (nM) CB2 Ki (nM) Reference Species Radioligand a Inhibitor b

Endocannabinoids and derviates
N-arachidonoylethanolamine Anandamide 61 1930 Lin et al., 1998 Rat CP55940 PMSF

78.2 1926 Khanolkar et al., 1996 Rat CP55940 PMSF
89 371 Showalter et al., 1996 Human CP55940 PMSF

543 1940 Felder et al., 1995 Human CP55940 None
71.7 279 Hillard et al., 1999 Human CP55940 PMSF

252 581 Mechoulam et al., 1995 Not specified HU-243 None
ND 410 000 Griffin et al., 2000 Rat CP55940 PMSF
ND 1480 Griffin et al., 2000 Mouse CP55940 PMSF
ND 306 Griffin et al., 2000 Human CP55940 PMSF

2-arachidonoylglycerol 2-AG 472 1400 Mechoulam et al., 1995 Not specified HU-243 None
58.3 145 Ben-Shabat et al., 1998 Not specified HU-243 None

Homo-g-linolenylethanolamide HEA 53.4 ND Hanus et al., 1993 Rat HU-243 None
Docosatetraenylethanolamide DEA 34.4 ND Hanus et al., 1993 Rat HU-243 None
Arachidonylcyclopropylamide ACPA 2.2 715 Hillard et al., 1999 Human CP55940 PMSF
2-arachidonoylglycerol ether 2-AG ether 21.2 43000 Hanus et al., 2001 rCB1/hCB2 HU-243 None

Phytocannabinoids
D9-tetrahydrocannabinol D9-THC 53.3 75.3 Felder et al., 1995 Human CP55940 None

39.5 40 Bayewitch et al., 1996 rCB1/hCB2 HU-243 None
40.7 36.4 Showalter et al., 1996 Human CP55940 None
80.3 32.2 Rhee et al., 1997 rCB1/hCB2 HU-243 None
35.3 3.9 Rinaldi-Carmona et al., 1994 Rat CP55940 None
13.5 6.80 Iwamura et al., 2001 Rat CP55940 None
8.33 1.73 Iwamura et al., 2001 Mouse CP55940 None
5.05 3.13 Iwamura et al., 2001 Human CP55940 None
ND 28.3 Griffin et al., 2000 Rat CP55940 None
ND 27.3 Griffin et al., 2000 Mouse CP55940 None
ND 44.9 Griffin et al., 2000 Human CP55940 None

Cannabidiol CBD 4350 2860 Showalter et al., 1996 Human CP55940 None
410 000 410 000 Bisogno et al., 2001 rCB1/hCB2 HU-243 None

Abnormal-cannabidiol abn-CBD 410 000 410 000 Showalter et al., 1996 Human CP55940 None

Synthetic nonselective agonists
CP55940 5 1.8 Ross et al., 1999 Human CP55940 None

3.72 2.55 Felder et al., 1995 Human CP55940 None
1.37 1.37 Rinaldi-Carmona et al., 1994 Rat CP55940 None
0.58 0.69 Showalter et al., 1996 Human CP55940 None
0.5 2.8 Hillard et al., 1999 Human CP55940 PMSF
ND 0.64 Griffin et al., 2000 Rat CP55940 None
ND 0.73 Griffin et al., 2000 Mouse CP55940 None
ND 0.88 Griffin et al., 2000 Human CP55940 None

WIN55212-2 9.94 16.2 Rinaldi-Carmona et al., 1994 Rat CP55940 None
4.4 1.2 Hillard et al., 1999 Human CP55940 PMSF
1.89 0.28 Showalter et al., 1996 Human CP55940 None

62.3 3.30 Felder et al., 1995 Human CP55940 None
123 4.1 Shire et al., 1996 Human CP55940 None

0.14 1.30 Iwamura et al., 2001 Rat CP55940 None
0.41 0.56 Iwamura et al., 2001 Mouse CP55940 None
9.87 0.29 Iwamura et al., 2001 Human CP55940 None
ND 10.4 Griffin et al., 2000 Rat CP55940 None
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Table 1 Continued

Ligand Abbreviations CB1 Ki (nM) CB2 Ki (nM) Reference Species Radioligand a Inhibitor b

ND 9.46 Griffin et al., 2000 Mouse CP55940 None
ND 1.19 Griffin et al., 2000 Human CP55940 None

HU-210 0.0608 0.524 Felder et al., 1995 Human CP55940 None
0.1 0.17 Rhee et al., 1997 rCB1/hCB2 HU-243 None
0.73 0.22 Showalter et al., 1996 Human CP55940 None
ND 3.2 Lunn et al., 2006 Human CP55940 None

CB2-selective agonists
JWH-015 383 13.8 Showalter et al., 1996 Human CP55940 None

ND 269 Griffin et al., 2000 Rat CP55940 None
ND 431 Griffin et al., 2000 Mouse CP55940 None
ND 98.4 Griffin et al., 2000 Human CP55940 None

JWH-133 677 3.4 Huffman et al., 1999 rCB1/hCB2 CP55940 None

CB1-selective antagonists/inverse agonists
SR141716A 11.8 13 200 Felder et al., 1998 Human CP55940 None

11.8 973 Felder et al., 1995 Human CP55940 None
12.3 702 Showalter et al., 1996 Human CP55940 None
5.6 41000 Rinaldi-Carmona et al., 1994 Rat CP55940 None
1.98 41000 Rinaldi-Carmona et al., 1994 Rat CP55940 None
1.8 514 Ruiu et al., 2003 Mouse CP55940 None
ND 2596 Lunn et al., 2006 Human CP55940 None

AM251 7.49 2290 Lan et al., 1999 rCB1/mCB2 CP55940 None

CB2-selective antagonists/inverse agonists
SR144528 437 0.6 Rinaldi-Carmona et al., 1998 Human CP55940 None

305 0.3 Rinaldi-Carmona et al., 1998 Rat CP55940 None
410 000 5.6 Ross et al., 1999 Human CP55940 None

70 0.28 Ruiu et al., 2003 Mouse CP55940 None
27.6 0.24 Iwamura et al., 2001 Rat CP55940 None
20.1 0.04 Iwamura et al., 2001 Mouse CP55940 None
50.3 1.99 Iwamura et al., 2001 Human CP55940 None
ND 0.3 Griffin et al., 2000 Rat CP55940 None
ND 0.05 Griffin et al., 2000 Mouse CP55940 None
ND 0.32 Griffin et al., 2000 Human CP55940 None
ND 14.9 Lunn et al., 2006 Human CP55940 None

AM630 5152 31.2 Ross et al., 1999 Human CP55940 None
Sch.336 ND 1.8 Lunn et al., 2006 Human CP55940 None

abn-CBD receptor antagonist
O-1918 430 000 430 000 Offertaler et al., 2003 Mouse CP55940 None

Cannabinoid receptor ligands discussed in this review.
aKi values were calculated based on competition with the radioligand listed in this column.
bIn some experiments, binding was carried out in the presence of an inhibitor of endocannabinoid hydrolysis listed in this column.
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of murine primary macrophages (Sacerdote et al., 2000). The

induced chemotaxis toward the potent chemoattractant

peptide formyl-methionyl-leucyl-phenylalanine (fMLP),

which mimics the action of bacterial peptides, was also

inhibited. This effect appeared to involve CB2 receptors,

since SR144528 potently blocked the effect of CP55940 on

both spontaneous and fMLP-induced migration. SR141716A

partially blocked the effect of CP55940 on spontaneous

migration but had no effect on fMLP-induced chemotaxis.

However, the concentrations of SR141716A needed

(X100 nM) and the only partial blockade of CP55940-

induced motility leave two possibilities open: there may be

a minute role for CB1 in regulating macrophage motility, or

the effect may be due to the higher concentration of

SR141716A now also acting on CB2 receptors.

In 2003, the laboratory of T Sugiura showed that 2-AG

induces the migration of HL-60 cells—the human monocytic

cell line from which CB2 receptor was originally cloned

(Munro et al., 1993; Kishimoto et al., 2003). Specifically, in

HL-60 cells differentiated into macrophage-like cells, migra-

tion toward 2-AG was blocked by SR144528. This effect was

replicated in differentiated U937 and THP-1 cells, as well as

human peripheral blood monocytes. In addition, migration

in differentiated HL-60 cells was decreased by the mitogen-

activated protein/extracellular signal-regulated kinase inhi-

bitor PD98059 and the Rho kinase inhibitor Y-27632. Finally,

other cannabinoid ligands, such as anandamide, CP55940

and WIN55212-2, had little—if any—effect on migration.

CBD also modulates macrophage migration. Specifically,

CBD does not affect basal migration of peritoneal macro-

phages, but inhibits fMLP-induced migration (Sacerdote

et al., 2005). The authors suggested the involvement of CB2

receptors in this CBD response, since it was blocked by

SR144528, but this pharmacology does not correspond to

what is known about recombinant CB2 receptors (Showalter

et al., 1996). The effect of CBD occurred at concentrations as

low as 10 nM, which is well below the affinity of CBD for CB2.

Is this an example of CBD trafficking differently between cell

types (CHO cells versus macrophages), or is it the action of

an uncloned cannabinoid receptor?

In 2005, Steffens and co-workers reported that low doses of

D9-THC—below its psychoactive concentration—inhibited

the migration of murine peritoneal macrophages to mono-

cyte chemoattractant protein-1 (Steffens et al., 2005). This

chemokine is produced by endothelial cells and macro-

phages associated with atherosclerotic plaques and contri-

butes to atheroma growth by recruiting additional

monocytes and macrophages (Charo and Taubman, 2004).

The inhibitory effect of D9-THC on macrophage migration

was blocked by SR144528 and absent in CB2
�/� macrophages,

strongly implicating CB2 as the receptor mediating this

effect.

In 2006, Schering-Plough Research showed that a CB2

inverse agonist that they developed—Sch.336—blocked

macrophage recruitment in an in vivo model of inflamma-

tion (Lunn et al., 2006). Specifically, a sponge soaked with

monocyte chemoattractant protein-1 was implanted in the

peritoneum of mice and recovered 18 h later. In animals

treated with Sch.336, migration of macrophages (as well as

granulocytes and lymphocytes) into the sponge was reduced.

Another intriguing finding was that when the sponge was

soaked with the non-selective, highly efficacious cannabi-

noid agonist HU-210, the number of infiltrating cells was

significantly increased. This is the only example of a

synthetic cannabinoid agonist stimulating immune cell

migration that we found while preparing this review.

A recent report has shed some light on the discrepancy

between the actions of 2-AG and synthetic ligands on the

CB2 receptor (Oka et al., 2006). Injection of either 12-O-

tetradecanoylphorbol 13-acetate or 2-AG into the mouse ear

provoked swelling, presumably through the recruitment of

leukocytes. This swelling was reduced not only by

WIN55212-2 and CP55940, but also by SR144528. Thus,

the agonist and antagonist had identical effects. In transwell

migration assays using HL-60 cells differentiated into

macrophage-like cells, WIN55212-2 blocked chemotaxis

toward 2-AG. Finally, in calcium imaging experiments, the

investigators found a rapid return in the ability of 2-AG-

pretreated cells to respond to subsequent pulses of 2-AG,

whereas WIN55212-2-pretreated cells did not recover the

ability to respond to 2-AG. A possible explanation for these

results is that WIN55212-2 desensitizes the receptor, whereas

2-AG does not. This could be due to these ligands having

differential agonist trafficking potential or to 2-AG being

rapidly inactivated (Beltramo and Piomelli, 2000).

Substantial evidence has implicated cannabinoids, likely

acting through CB2 receptors, in the modulation of migra-

tion as well as other aspects of macrophage activity,

including phagocytosis and antigen presentation. Exciting

future work should reveal whether the power of these

receptors might be harnessed to either bolster or temper

macrophage-dependent immune responses.

Microglia

Microglial cells are the resident macrophage of the CNS. In

healthy brain, they are in a resting state, but pathological

conditions induce their activation. This allows them to

execute a variety of neuroimmune-related functions, includ-

ing migration, cytokine production, phagocytosis and anti-

gen presentation. Constitutive CB2 receptor expression is

quite restricted in the CNS, being localized to specific nuclei

of the brain stem (Van Sickle et al., 2005). Nevertheless, while

resting microglia express little—if any—CB2, as proven by

reverse transcription-PCR of healthy brain parenchyma (for

review, see Stella, 2004), the expression of this receptor is

induced under specific pathological conditions, including

multiple sclerosis and amyotrophic lateral sclerosis (Yiangou

et al., 2006). Several reports have addressed the role of CB2

receptors in activated microglia, which includes regulation

of cytokine release (Ehrhart et al., 2005) and cell proliferation

(Carrier et al., 2004), and our laboratory has published two

reports on the role of CB2 receptors in regulating microglial

cell migration.

Using BV-2 cells, a mouse microglial cell line, we screened

several cannabinoids for their ability to elicit cell migration

(Franklin and Stella, 2003; Walter et al., 2003). The most

efficacious ligand was 2-AG (250% of basal), while ananda-

mide and the two putative eCBs HEA and DEA produced

CB2-mediated immune cell migration
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smaller responses (150–200% of basal). 2-AG stimulated both

chemokinesis and chemotaxis, as determined by checker-

board analysis. Additionally, the 2-AG response was blocked

by PD98059, a potent inhibitor of ERK phosphorylation. Of

special interest was the finding that 2-AG-induced migration

was blocked not only by SR144528 but also by an antagonist

to the abn-CBD receptor (O-1918) (Offertaler et al., 2003),

indicating that activation of both of these receptors is

required for 2-AG-dependent recruitment of microglial cells.

Whether this is also true for other cell types that migrate in

response to 2-AG has not yet been determined. Furthermore,

the CB1 agonist arachidonylcyclopropylamide also induced

migration, but this response was antagonized by SR144528

and CBD, indicating the involvement of the CB2 and abn-

CBD-sensitive receptor, rather than CB1 receptors, in this

response (Franklin and Stella, 2003). Thus, we can conclude

that eCBs may recruit activated microglial cells, and that this

action relies on the activation of CB2 receptors and at least

one other ‘uncloned’ cannabinoid receptor.

T lymphocytes

T lymphocytes are a central player in adaptive immune

responses. Their migration into tissues is important for their

role in mediating inflammation through cytokine release

(in the case of CD4þ cells) and killing diseased cells (CD8þ

cells). Although T cells express the least CB2 mRNA relative

to the other major leukocyte subsets, their migration is still

tightly regulated by these receptors. Three laboratories have

reported that activation of CB2 receptors by various ligands

inhibits T-cell migration in response to CXCL12, a well-

characterized and highly efficacious chemokine important

for T-cell recruitment (Bleul et al., 1996).

In 2004, Joseph and co-workers reported that anandamide

reduces by approximately 50% the CXCL12-induced migra-

tion of isolated human CD8þ T lymphocytes (Joseph et al.,

2004). This inhibitory effect was mimicked by the CB2

agonist JWH-133, whereas DEA had no effect. Additionally,

both anandamide and JWH-133 had no effect on motility in

the absence of CXCL12. Whether these effects result from

the direct modulation of chemokine receptors by CB2 or an

indirect mechanism remains unclear.

A second study tested the effects of the non-selective

agonists WIN55212-2 and CP-55940 on CXCL12-induced

chemotaxis and trans-endothelial migration of Jurkat T cells,

as well as primary CD4þ and CD8þ T lymphocytes (Ghosh

et al., 2006). In transwell migration assays, cannabinoid

ligands inhibited the chemotaxis of all three cell types by as

much as 75%. These effects were mediated—at least in part—

by CB2 since the effect was also elicited by JWH-015 and

partially blocked by AM630. However, the high concentra-

tions of JWH-015 required (10–40 mM) and only partial

inhibition by AM630 call the specificity of the effect into

question.

Recent work used isolated human T lymphocytes to

further investigate the role of CB2 in inhibiting chemotactic

responses to CXCL12 (Coopman et al., 2007). A key

difference in this study was that the investigators used

cultured cells activated by a superantigen (Staphylococcal

enterotoxin B), while the previous studies used directly

isolated cells. While no CB2 receptor expression was detected

by immunoblotting immediately after isolation, its induc-

tion peaked 5 days after superantigen treatment. These cells

were then subjected to a chemotaxis assay, where both 2-AG

and JWH-133 inhibited chemotaxis toward CXCL12.

Taken together, these results indicate that although T cells

express low levels of CB2 mRNA, the receptor is an active

regulator of T-cell migration. Although not yet determined

in vivo, eCB signalling via CB2 may temper inflammatory

responses by inhibiting CXCL12-induced T-cell recruitment.

Whether CB2 also affects other chemokine-induced migra-

tion remains an important open question.

B lymphocytes

Like T lymphocytes, B lymphocytes also migrate toward sites

of inflammation, where they engulf pathogens and carry out

antibody-mediated actions. B lymphocytes express large

amounts of CB2 mRNA and the receptor indeed regulates

their functions, including migration. In 2002, Jorda and co-

workers isolated cells from mouse spleen and found CB2-

dependent migration toward 2-AG (Jorda et al., 2002). Flow

cytometry analysis showed that these cells were B220þ ,

CD19þ , IgMþ and IgDþ and thus confirmed that they were

B lymphocytes. In a later study, the same group showed that

Raji B lymphoma cells also migrate toward 2-AG and that

this response is greatly enhanced by the costimulatory

molecule CD40, suggesting crosstalk between these two

pathways (Rayman et al., 2004). These studies have demon-

strated functional CB2 regulation of B-cell migration and

open the door for future studies to determine the physiolo-

gical relevance of such findings.

Myeloid leukaemia cells

One laboratory examined the migration of CB2-expressing

murine myeloid leukaemia cells as part of a larger, very

elegant study investigating the role of CB2 as a putative

oncogene. Their first report implicated 2-AG as the major

signalling molecule regulating CB2-mediated chemotaxis in

these cells (Jorda et al., 2002). 2-AG induced robust

chemotaxis and chemokinesis of a leukaemia cell line

endogenously expressing high levels of CB2 (NFS 78), as well

as transfected 32D/G-CSF-R cells expressing the receptor.

The peak effect was observed at a concentration of 300 nM;

higher and lower concentrations caused smaller amounts of

chemotaxis, which is reminiscent of the classic ‘bell-shaped’

dose–response obtained with chemokines. Importantly,

migration to 300 nM 2-AG was completely blocked by

SR144528, whereas SR141716A had no effect. Additionally,

anandamide stimulated cell migration that was only 20%

that of 2-AG, while WIN55212-2, CP-55 940 and D9-THC had

no effect. Furthermore, when co-applied with 2-AG, these

compounds fully blocked 2-AG-induced chemotaxis, again

illustrating the unique pharmacology of endogenous, natural

and synthetic cannabinoids at the CB2 receptor. Possible

explanations for some of these findings are that anandamide
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has been shown to only very weakly activate CB2 (Hillard

et al., 1999), while D9-THC can function as a CB2 antagonist

(Bayewitch et al., 1996). A final interesting finding of this

study was that IL-3 and G-CSF alone did not induce

migration of CB2-expressing 32D/G-CSF-R cells, but syner-

gized in combination with 2-AG.

A follow-up study provided insight into the mechanism of

CB2-mediated migration of these cells (Alberich Jorda et al.,

2004). CB2 receptors were expressed with a mutated DRY

motif, which regulates the conformation state and G protein

coupling of some G protein-coupled receptors (Rovati

et al., 2007). Under these conditions, 2-AG did not induce

migration. The authors also determined that migration to 2-

AG was pertussis toxin-sensitive and partially blocked by the

addition of a cAMP analogue (dibutyryl cAMP), suggesting

that migration to 2-AG elicited by CB2 activation requires Gi/o

proteins and a decrease in cAMP levels. These results

further demonstrate the unique pharmacology of CB2

ligands, where both agonists and antagonists block the

effect of eCBs.

Natural killer cells

NK cells are important mediators of innate immunity,

playing a role in antitumor and antimicrobial responses.

Relatively little has been published on the role of CB2

receptors in these cells. A 2005 publication showed that both

a NK cell line and primary human NK cells migrate toward

2-AG, a response blocked by SR144528 and D9-THC (Kishi-

moto et al., 2005). This response already occurred at 10 nM

and reached a maximum at 10 mM. A non-hydrolysable

analogue of 2-AG, 2-AG ether, also induced migration,

although to a lesser extent than 2-AG, while anandamide

and arachidonic acid caused no response. This 2-AG response

was pertussis toxin sensitive, in agreement with of CB2

receptors coupling to Gi/o proteins.

Eosinophils

Eosinophils play a special function in defined pathological

processes such as allergy and asthma. Two groups have

examined cannabinoid effects on eosinophil migration. The

first report, in 2004, demonstrated by reverse transcription-

PCR and northern blot that an eosinophilic leukaemia cell

line and human peripheral blood eosinophils express CB2

but not CB1 receptors (Oka et al., 2004). These receptors were

functional in that they mediated chemotaxis toward 2-AG, a

response that was blocked by SR144528 and abolished by

pretreatment with pertussis toxin. Anandamide did not

stimulate migration of these cells.

A second study revealed that CB2 receptors modulate

eosinophil migration in vivo (Lunn et al., 2006). Using a

model of allergic asthma, where mice are challenged with

aerosolized ovalbumin, the investigators showed that the

CB2 inverse agonist Sch.336 decreased the number of

eosinophils by approximately 40% in the bronchoalveolar

lavage of mice subjected to ovalbumin, a response that was

as efficacious as what was obtained with the PDE4 inhibitor

rolipram.

Although only these two studies have examined the role of

CB2 receptors in eosinophil migration, both in vitro and

in vivo evidence shows that this receptor is likely to play an

important role in their recruitment, suggesting that CB2

agents may hold promise to reduce hypersensitivity asso-

ciated with allergy and asthma.

Neutrophils

Neutrophils are vital early responders to tissue injury,

efficiently leaving the blood stream and rapidly migrating

toward growing foci of inflammation. Conflicting evidence

exists regarding the expression of CB2 by neutrophils, as well

as the role of cannabinoids in regulating their migration.

In 2003, Deusch and co-workers found no effect of D9-THC

on neutrophil migration and indeed no CB2 protein was

detected by western blot (Deusch et al., 2003). A year later,

similar findings were obtained by Oka et al. (2004), who

showed that neutrophils do not express CB2 receptors and 2-

AG has no effect on their migration. Both studies examined

human peripheral blood neutrophils.

Contrary evidence has been presented more recently

(Kurihara et al., 2006). Indeed, cell surface CB2 expression

was detected by flow cytometry in human neutrophils and

HL-60 cells differentiated into neutrophil-like cells. JWH-015

and 2-AG inhibited the migration of both cell types toward

fMLP. This inhibition was prevented by co-application of

SR144528, further demonstrating the specificity of the effect.

Interestingly, cells treated with JWH-015 or 2-AG plus fMLP

displayed motility and morphological changes but did not

develop front/rear polarity. These cells had a significantly

decreased migratory velocity compared to cells not treated

with cannabinoids. Cannabinoid treatment blocked the

increase in RhoA activity normally associated with fMLP

stimulation. Thus, it appears that signalling through CB2

receptors prevents the formation of a retracting tail in these

cells, preventing them from becoming polarized and

migrating.

This finding suggests that cannabinoid signalling could

reduce acute inflammation by preventing neutrophil migra-

tion. An explanation that would resolve the aforementioned

discrepancy is that CB2 receptor expression by neutrophils is

exceptionally plastic, to the extent that methods used to

prepare these cells could affect CB2 expression. Hopefully,

future studies will resolve these conflicting data and verify

these important findings.

CB2 receptors in migration of other cell types

Solid tumour growth requires large amounts of blood and

thus induces the development of new vasculature, a process

called angiogenesis. Several studies have demonstrated the

ability of cannabinoids to restrict tumour growth by

inhibiting this process (Bifulco et al., 2007). One mechanism

by which cannabinoids exert this effect is through the

inhibition of endothelial cell migration. Using primary
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human umbilical vein endothelial cells, the laboratory of

Manuel Guzmán showed that both WIN55212-2 and JWH-

133 inhibited LPA-induced migration in these cells (Blazquez

et al., 2003). Human umbilical vein endothelial cells express

CB1 and CB2 receptors, both of which are likely to play a role

in the inhibitory effect. Specifically, the inhibitory effect of

WIN55212-2 was prevented by either SR141716A or

SR144528, while the inhibitory effect of the more selective

CB2 ligand JWH-133 was only blocked by SR144528. These

findings support the growing body of evidence suggesting

the use of cannabinoids as therapeutic agents for cancer.

CB1 receptors in cell migration

Although beyond the scope of this review, it is important to

note that CB1 receptors also modulate cell migration. For

example, HU-210, WIN55212-2 and anandamide induce

migration in transfected HEK293 cells expressing CB1 (Song

and Zhong, 2000), while anandamide inhibited the migra-

tion of breast and colon carcinoma cells in culture (Joseph

et al., 2004; Grimaldi et al., 2006). Additionally, eCBs guide

the migration of interneurons and the targeting of axon

growth cones in the developing central nervous system

(Berghuis et al., 2005, 2007). Clearly, the pharmacology of

ligands inducing migration through CB1 differs from that of

CB2 receptors, as indicated by the ability of anandamide and

certain synthetic ligands to stimulate cells to migrate

through CB1.

Involvement of putative non-CB1 non-CB2

receptors in migration

It is important not to discount the involvement of additional

cannabinoid receptors in cell migration (for a review, see

Mackie and Stella, 2006). Some evidences have already

shown a role for one or more of these receptors, such as

our finding that the abn-CBD receptor antagonist O-1918

blocked the 2-AG-induced migration of microglial cells

(Franklin and Stella, 2003; Walter et al., 2003). Additionally,

Nilsson et al. (2006) found that WIN55212-2 inhibited

neutrophil migration induced by tumour necrosis factor a,

and this effect was blocked by neither AM251 nor AM630.

The cloning and further pharmacological characterization of

these receptors will in the future give us a clearer picture of

cannabinoid effects on migration.

Conclusions

Since drugs acting on CB2 receptors modulate immune cell

migration, they represent a promising pharmacological

platform for developing anti-inflammatory therapeutics,

but this possibility comes across as a daunting challenge.

Indeed, we must first gain a better understanding of the

differential pharmacology of endogenous, synthetic and

plant-derived cannabinoids acting at CB2 receptors, not to

mention cell type-specific effects. In general, 2-AG stimulates

immune cell migration and CB2 synthetic ligands, whether

agonists or antagonists, inhibit chemotaxis toward 2-AG,

and in some cases toward other chemokines. In the case of 2-

AG-directed migration, it is possible that the strong activa-

tion of CB2 receptors by synthetic agonists desensitizes the

receptors, rendering them unable to further respond to eCBs

(Oka et al., 2006). The cannabinoid-mediated inhibition of

other chemokine-induced migration may occur through

heterologous desensitization of chemokine receptors, as has

been shown for opioids (Grimm et al., 1998). Receptor

dimers may also exist between CB2 and chemokine receptors,

whereby CB2 ligands would affect the ability of the

chemokine receptor to signal properly—such examples

already exist for CB1 receptors (Kearn et al., 2005; Rios

et al., 2006). Alternatively, ligands acting on CB2 receptors

could sequester G proteins and thus prevent efficacious

coupling of the chemokine receptor (Bouaboula et al., 1999).

Finally, ligands known to interact with CB2 receptors are

likely to traffic differently, stimulating or inhibiting specific

signal transduction pathways depending on the cell type. We

now know that the mere expression of CB2 receptors by a

specific cell type is not sufficient to predict that a CB2 agonist

or antagonist will either increase or decrease cell migration,

and be either pro- or anti-inflammatory. Will we find a

common denominator for the CB2-mediated regulation of

immune cells that predicts the therapeutic potential of these

valuable ligands? Or do we have to systematically test each

molecule in each disease setting? Both of these possibilities

are open.
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