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Abstract:

In the current study we examined whether ligation of CB2 receptors would lead to induction of
apoptosis in tumors of immune origin and whether CB2 agonist could be used to treat such
cancers. Exposure of murine tumors, EL-4, LSA, and P815 to delta-9-tetrahydrocannabinol
(THC) in vitro led to a significant reduction in cell viability and increase in apoptosis. Exposure
of EL-4 tumor cells to the synthetic cannabinoid, HU-210 and endogenous cannabinoid,
anandamide led to significant induction of apoptosis, while exposure to WIN55212 was not
effective. Treatment of EL-4 tumor-bearing mice with THC in vivo led to a significant reduction
in tumor load, increase in tumor cell apoptosis and increased survival of tumor bearing mice.
Examination of a number of human leukemia and lymphoma cell lines including, Jurkat, Molt-4,
and Sup-T1 revealed that they expressed CB2 receptors but not CB1. These human tumor cells
were also susceptible to apoptosis induced by THC, HU-210, anandamide and the CB2 select
agonist JWH-015. This effect was mediated at least in part through the CB2 receptors as
pretreatment with the CB2 antagonist SR144528 partialy reversed the THC-induced apoptosis.
Culture of primary acute lymphoblastic leukemia cells with THC in vitro reduced cell viability
and induced apoptosis. Together, the current study demonstrates that CB2 cannabinoid receptors
expressed on malignancies of the immune system may serve as potential targets for the induction
of apoptosis. Also, because CB2 agonists lack psychotropic effects, they may serve as novel

anticancer agents to selectively target and kill tumors of immune origin.



Introduction
Marijuana is one of the oldest drugs of abuse athough its medicinal value has been known for
several centuries. Delta-9-tetrahydrocannabinol (THC) is the major psychoactive component in
marijuana *. THC and other synthetic cannabinoids have been used as potential therapeutic
agents in aleviating such complications as intraocular pressure in glaucoma, cachexia, nausea
and pain % Interest in the potential medicina use of cannabinoids grew recently with the
discovery of two cannabinoid receptors, CB1 and CB2 **. CB1 receptors are predominantly
expressed in the brain, whereas CB2 receptors are primarily found in the cells of the immune
system . Furthermore, endogenous ligands for these receptors capable of mimicking the
pharmacological actions of THC have also been discovered. Such ligands were designated
endocannabinoids and included anandamide and 2-arachidonoyl glycerol (2-AG) °’. The
physiological function of endocannabinoids and cannabinoid receptors remains unclear.

Recently, anandamide was shown to inhibit the proliferation of human breast cancer cell
lines, MCF-7 and EFM-19 in vitro 8. Also, THC was shown to induce apoptosis in human
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prostate PC-3 cells and in C6 glioma cells in culture ®°.  THC-induced apoptosis involved

811 0

cannabinoid receptor-dependent or independent pathways ®*°. Such studies have triggered

interest in targeting cannabinoid receptors in vivo to induce apoptosis in transformed cells. To
this end, cannabinoids were shown recently to inhibit the growth of C6 gliomacellsin vivo ***3,
Cells of the immune system express high levels of CB2 receptors. It is not clear whether
CB2 receptor ligation can induce apoptosis in normal or transformed immune cells. If CB2
receptor agonists can induce apoptosis in transformed immune cells, it could lead to devel opment

of a nove class of anticancer agents. In the current study, we investigated this possibility by

using both murine and human leukemia and lymphoma lines as well as primary acute



lymphoblastic leukemia (ALL) cells. We demonstrate that ligation of CB2 receptors can induce
apoptosis in a wide range of cancers of immune cell origin. Furthermore, we aso demonstrate
that THC can inhibit the growth of murine lymphoma cells in vivo by inducing apoptosis and
cure ~ 25% of the mice bearing the tumor. Together, the current study suggests that CB2
agonists that are devoid of psychotropic effects may constitute a novel and effective modality to

treat malignancies of the immune system.



Materialsand Methods

Mice. Adult female (6-8 weeks of age) C57BL/6 mice were purchased from the National
Institutes of Health (NIH). The mice were housed in polyethylene cages and given rodent chow
and water ad libitum. Mice were housed in rooms maintaining a temperature of 74 + 2°F and on

al2 hlight/dark cycle.

Reagents. THC was obtained from the National Institute on Drug Abuse (Rockville, MD) and
was initially dissolved in DM SO (Sigma, St. Louis, MO) to a concentration of 20 mM and stored
at —20°C. THC was further diluted with tissue culture medium for in vitro studies and PBS for in
vivo studies. SR141716A, SR144528, were obtained from Sanofi Recherche (Montpéellier,
France). HU-210, anandamide, WIN-55212 and JWH-015 were obtained from Tocris Cookson

Inc. (Ellisville, MO).

Céll lines. The murine lymphomas (EL-4 and LSA) the murine mastocytoma (P815), the murine
melamona (B16F10), Sup-T1, a T lymphoblastic leukemia cell line developed from a 8 year old
male with T-LL, Jurkat, an acute T lymphoblastic leukemia cell line generated from a 14 year
old mae, Molt-4, an acute T lymphoblastic leukemia cell line established from a 19 year old
male and human glioma U251 cell line were al maintained in RPM1 1640 (Gibco Laboratories,
Grand Idland, NY) supplemented with 5% fetal calf serum (FCS), 10 mM HEPES, 1mM
glutamine, 40 ug/ml gentamicin sulfate, and 50 UM 2-mercaptoethanol. In assays examining the
effect of cannabinoid agonists on tumor cell viability and apoptosis, the concentration of FCS

ranged from 0-5%.



Primary Leukemic Cells. Peripheral blood samples were obtained from 2 patients diagnosed
with acute lymphoblastic leukemia (ALL). The samples were referred to as ALL #1 and ALL
#2. ALL #1 was obtained from a male patient newly diagnosed with CALLA (CD10) positive
non-B, non-T acute lymphoblastic leukemia. All #2 was obtained from a female patient newly
diagnosed with terminal deoxynucleotidyl transferase (TdT) positive T cell acute lymphaoblastic
leukemia Informed consent was obtained following institutional guidelines. The content of the
lymphoblasts was greater than 70% as determined by flow cytometric analysis. Mononuclear
cells were isolated by Ficoll-Pague density gradient centrifugation. In this study the samples
were cryopreserved and stored in liquid nitrogen before use. Viability after thawing was

determined by trypan blue dye exclusion and was greater than 90%.

Measurement of the effect of cannabinoid receptor agonists on tumor cell viability in vitro.
Tumor cells were adjusted to 1 x 10° cells/ml in medium containing either 5% FCS or serum free
medium. The cells (1 x 10°) were cultured in 24 well platesin 2 ml medium in the presence or
absence of various concentrations of cannabinoid receptor agonists for 2-24 hours. Findly, the
cells were harvested, washed twice in PBS and the viable cell count was determined by trypan

blue dye exclusion.

Detection of cannabinoid-induced apoptosis in vitro. Tumor cells (1 x 10° cells/well) were
cultured in 24 well plates in the presence or absence of various concentrations of THC or other
cannabinoid receptor agonists for 2-24 h as described above. Next, the cells were harvested,
washed twice in PBS and analyzed for the induction of apoptosis using either the TUNEL or

14,15

Annexin V/propidium iodide (Pl) methods as described elsewhere To detect apoptosis



using the TUNEL method the cells were washed twice with PBS and fixed with 4% p-
formaldehyde for 30 minutes a room temperature. The cells were next washed with PBS,
permeabilized on ice for 2 minutes and incubated with FITC-dUTP and TdT (Boehringer
Mannheim, Indianapolis, IN) for 1 hour at 37°C and 5% CO,. To detect apoptosis using the
AnnexinV/Pl method, the cells were washed twice with PBS and stained with AnnexinV and Pl
for 20 minutes at room temperature. The cells were washed twice with PBS. The levels of
apoptosis in both the TUNEL and Annexin/Pl assays were determined by measuring the
fluorescence of the cells by flow cytometric analysis. Five thousand cells were analyzed per

sample.

Measurement of tumor cell viability and induction of apoptosis in vivo. Groups of 5
C57BL/6 mice were injected with 1 x 10° EL-4 tumor cells i.p suspended in 0.2 ml PBS. The
control mice received PBS adone. Ten days later, the mice were injected with various
concentrations of THC (O, 1, 3, or 5 mg/kg) i.p. The mice were sacrificed 24 hours later and the
EL-4 tumor cells were harvested from the peritoneal cavity by injecting 5.0 ml PBS, followed by
aspiration of the peritoneal fluid from the cavity. The contaminating red blood cells were
removed using red blood lysing solution (Sigma, St. Louis, MO) and the tumor cells were
washed twice with PBS. The number of viable cells was determined by trypan blue dye
exclusion and apoptosis was determined using the TUNEL assay. The presence of tumor cellsin
the peritoneal cavity was confirmed by the ability of the cells to grow in vitro and by the

phenotype (Thyl®, CD4", CDS8)



Effect of THC on survival of EL-4 challenged mice.  Groups of 8 C57BL/6 mice were
injected i.p. with 1 x 10° EL-4 tumor cells in avolume of 100 pl PBS. One day following tumor
injection, the mice received daily injections for 14 daysi.p. with 5 mg/kg THC in a volume of
500 pl PBS. Control mice received injections with the vehicle control. The mice were observed
daily for signs of morbidity and were euthanized. Mice that survived for more than 60 days were

rechallenged with live EL-4 (1 x 10°) cells and tested for their ability to reject tumor and survive,

RNA isolation and RT-PCR. RNA wasisolated from ~1 x 10 cells using the RNeasy Mini Kit
(Qiagen, Vaencia, CA). AsCB1 and CB2 are encoded by single exons, a DNase digestion was
included in the isolation procedure to limit the possibility of PCR amplification of CB1 and CB2
from genomic DNA. cDNA was prepared with the Qiagen OmniScript RT kit using 1 pg RNA
astemplate for first strand synthesis. Mouse and human CB1 was amplified using primers H
CB1U (5 - CGTGGGCAGCCTGTTCCTCA -3)andH CB1L (5-
CATGCGGGCTTGGTCTGG —3'), which yield a product of 403 bp. Human CB2 was
amplified using primers H CB2 U (5'- CGCCGGAAGCCCTCATACC —3)andH CB2L (5 -
CCTCATTCGGGCCATTCCTG —3'), which yield a product of 522 bp. Mouse CB2 was
amplified using M CB2 (5 - CCGGAAAAGAGGATGGCAATGAAT-3) and M CB2 (5'-
CTGCTGAGCGCCCTGGAGAAC-3') which yields aproduct of 479 bp. B-actin was used as a
positive control [primers M BA U (5 - AAGGCCAACCGTGAAAAGATGACC-3)and M
BA L (5-ACCGCTCGTTGCCAATAGTGATGA —3), product size of 427 bp]. PCR reactions
were carried out using the following parameters. 95°C for 15 s, 58°C for 15 s, and 72°C for 30 s
for 35 cycles, followed by afinal 5 min. at 72°C in a Applied Biosystems GeneAmp 9700

(Foster City, CA). The resulting PCR products were separated on a 1% agarose gel.



Results
Expression of CB1 and CB2 receptorsin EL-4, LSA, and P815 murine tumor cells. The
expression of CB1 and CB2 cannabinoid receptor mRNA was determined by RT-PCR (Figure

1). Such an analysisrevealed that all three murine tumor cell lines expressed both CB1 and CB2

MRNA. Figure 1. The expression of CB1 and CB2

MRNA in EL-4, LSA, and P815 tumor cells.
m The expression of CB1 and CB2 mRNA was

CB1 determined by RT-PCR analysis. Tota RNA
was isolated from EL-4, LSA, and P815 tumor
m CB2 cells. mRNA was reverse transcribed and
amplified by PCR with primers specific for CB1
EL-4 LSA P815 and CB2. A photograph of ethidium bromide-
stained amplicons is depicted.

Exposure of EL-4, L SA, and P815 tumor cellsto THC leads to a reduction in viability and
induction of apoptosis in vitro. We examined whether THC-exposure had an effect on the
viability of EL-4, LSA, and P815 tumor cellsin vitro. To this end, the tumor cells were cultured
in medium containing 5% FCS and exposed to various concentrations of THC (0, 1, 10 and 20
UM) for 24 hours and the viability was determined by trypan blue dye exclusion (Figure 2A).
The results showed that exposure to THC at concentrations of 10 uM or greater led to a
significant reduction in the number of viable cells. Next, we analyzed the THC-treated tumor
cells for induction of apoptosis by TUNEL staining (Figure 2B). The results demonstrated that
THC induced significant apoptosis in al three cell lines in vitro. Together these results
suggested that exposure of EL-4, LSA, and P815 tumor cells to THC in vitro led to significant

cell killing by induction of apoptosis.



Figure 2. Exposure of murine tumor
cells of immune origin to THC in vitro
A 100 leads to a reduction in cell viability and
induction of apoptosis. (A) The effect of
75 THC on tumor cel \viability was
determined by culturing EL-4, LSA and
50 - P815 tumor cells for 24h in medium
IE'-S:‘ containing 5% FCS in the presence of
Lo various concentratlor_ls of THC (1_, 10, and
20 pM) or the vehicle. The viable cell
0 . . number was determined by trypan blue dye
1 10 20 exclusion. The data were expressed as
THC concentration (M) percent of control viable cell number. (B)
The effect of THC on the induction of
B g L3k Rl apoptosis in EL-4, LSA, and P815 tumor
| som | e cells was determined by culturing the tumor
b — T cellsfor 24 hoursin medium containing 5%
: : FCS in the presence of 20 uM THC (filled
ow wowow Cwow o wow o Twowowow o w | histogram) or the vehicle (empty
FABps ST e histogram).  Apoptosis was quantified
using the TUNEL method and the cells
were analyzed using aflow cytometer.
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THC-induced effect on cellularity is dependent on exposure time and serum concentration.
Previous studies suggested that the efficacy of THC may be directly related to the concentration

1617 Therefore, we examined whether culturing tumor cells in serum free medium

of serum
would have an effect on THC-induced killing of tumor cells. This was accomplished by
exposing EL-4 tumor cells to various concentrations of THC (1, 3, and 5 uM) or the vehicle for
4, 8, or 12 h in serum free medium and determining the cell viability. The results showed that by
culturing the cells in serum-free medium the concentration of THC needed to decrease tumor cell
viability was dramatically reduced (Figure 3A). For example, exposure of EL-4 tumor cellsto as
low as 5 uM THC for 4 h led to a significant decrease in tumor cell viability (Figure 3A) and
increase in the induction of apoptosis (Figure 3B and C). Also, a 12 hours, THC a a

concentration of 3 UM was able to cause a significant decrease in tumor cell viability (Figure

3A). The data shown in Fig 3B and 3C demonstrated that apoptosis induced by THC was
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demonstratable using both TUNEL and Annexin/Pl methods. Previous studies have shown that

cells positive for Annexin only represent early apoptotic cells, whereas those positive for both

Annexin and Pl are late apoptotic/necrotic cells, and cells positive for Pl alone are necrotic cells

15

. Thus, the mgjority of THC-treated cells appeared to be in early or late apoptotic stage of

death (Figure 3C). It was aso noted that in serum free medium, the time required to induce

tumor cell killing was decreased significantly to 4 hrs at a concentration of 5 uM of THC (Figure

3A). Because serum interfered with THC-induced apoptosis, al subsequent experiments were

performed in serum-free medium.
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Figure 3. THC is more effective in
serum free medium. (A) EL-4 tumor
cells were cultured in serum free
medium in the presence of various
concentrations of THC (1, 3, and 5 uM)
or the vehicle for 4, 8, or 12 h. The
number of viable cells was determined
by trypan blue dye exclusion. The data
represent the mean + SEM of duplicate
wells. (B) EL-4 tumor cells were
cultured in the serum free medium in
the presence of vehicle control (DM SO)
or THC (5 uM) for 4 h. The level of
apoptosis induction was determined
using the TUNEL method and (C) EL-4
cells cultured with THC as described
above were stained with Annexin V/PI
and analyzed using aflow cytometer.

HU-210 and anandamide but not WIN-55212 induce apoptosisin EL-4 tumor cellsin vitro.

Three additional cannabinoid receptor agonists were tested for their ability to induce apoptosisin

EL-4 tumor cells. In figure 4A, EL-4 tumor cells were exposed to 3 uM THC, WIN-55212 and

HU-210 for 4 hours. The cells were then analyzed for apoptosis using the Annexin/Pl method
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(Figure 4A). The results showed that exposure to THC or HU-210 led to a significant increasein
apoptosis when compared to the controls. In contrast, exposure to 3 uM of WIN-55212 had no
significant effect on the induction of apoptosis. In addition, we examined the effects of
anandamide exposure on the induction of apoptosis (Figure 4B). EL-4 tumor cells were exposed
to 5 and 10 uM anandamide for 4 h. The cells were analyzed for apoptosis using the TUNEL
assay. The results showed that exposure to 5 UM led to a slight increase in apoptosis, however

exposure to 10 uM anandamide led to significant levels of apoptosis.

Wehice

11% a7%

Figure 4. THC, HU-210 and
—Y anandamide but not WIN-55212
T S induce apoptosis in EL-4 tumor cells
winssz1z T | Huzio | in vitro. (A) EL-4 tumor cells were
: o ¢ cultured in serum free medium for 4 h
in the presence of vehicle, THC (3
M), WIN55212 (3 puM), HU-210 (3
MM).  The level of apoptosis was
guantified by Annexin/Pl staining as
described in Fig 3. (B) EL-4 tumor
cells were cultured in serum free
Vehicle 5 uh Anandamide 10 uM Anandamide medium for 4 h in the presence of

A H vehicle or anandamide (5 and 10 pM).
27% ; ' The level of apoptosis was quantified
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THC treatment leadsto reduced tumor burden and apoptosisin vivo. We examined whether
treatment of tumor-bearing mice with THC was effective at killing tumor cellsin vivo. To this
end, C57BL/6 mice were injected with EL-4 tumor cells (1 x 10%). On day 10 of tumor growth,
the mice were injected i.p. with various doses of THC (1, 3, or 5 mg/kg) or the vehicle. One day

later, the mice were sacrificed and injected with 5 ml PBS into the peritoneal cavity. The
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peritonea fluid was aspirated out and analyzed for viable tumor cells and for apoptosis. The
data demonstrated that THC caused a dose-dependent decrease in the viable tumor cell number
found in the peritoneal cavity (Figure 5A). THC failed to cause a decrease in cellularity at 1
mg/kg while it was effective at 3 and 5 mg/kg. Furthermore, when cells collected from mice
treated with 5 mg/kg were analyzed for apoptosis, a significant proportion (77.3%) of the tumor
cells showed apoptosis (Figure 5B). These data suggested that THC was effective in vivo to

induce apoptosis and kill the EL-4 tumor cells.

A Figure5. THC treatment leadsto reduced
tumor burden and tumor cell apoptosisin

vivo. C57BL/6 mice were injected on day 0

_ with 1 x 10° EL-4 tumor i.p. On day 10, the

| I mice were treated with various doses of THC
: : 3 : 5

[
=2

E =

Cell Number x 10¢

(1, 3, or 5 mg/kg i.p.) or the vehicle. One day
later, the peritoneal cavity was flushed with 5
ml PBS and the tumor cells were collected
by aspiration. (A) The cell number was
determined by trypan blue dye exclusion.
The data represent the mean + SEM from

=
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THC Concentration {mogko)

B ]
O TT3% groups of 3 mice. (B) The tumor cells
£ recovered from the peritoneal cavity were
2 tested for apoptosis using the TUNEL
3 method. Filled histogram shows tumor cells

exposed to THC and open histogram shows
10° 10 107 10 10° cells exposed to the vehicle.
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THC-treatment can cure tumor-bearing mice. Next we tested whether THC treatment can
cure EL-4 tumor bearing mice. To this end, mice were injected with EL-4 (1x10°) tumor cells
and then received a daily injection of 5 mg/kg THC for 14 days. The mice were observed for
survival and upon exhibiting signs of morbidity were immediately euthanized. The results
showed that treatment with THC led to a significant increase in surviva (Figure 6).
Interestingly, 25 percent of the mice survived the tumor challenge (Figure 6). Also, they were

completely cured inasmuch as they were resistant to rechallenge with the specific tumor (data not
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shown). Taken together these results suggested that THC can exert anti-cancer properties in

ViVo.

120 1
100 - ®ishicle Figure 6. Treatment with THC
oTHC increases survival of EL-4 tumor-
T i — bearng mice . C57BL/6 mice (8/group)
E &0 - were injected i.p. with 1 x 10° EL-4 tumor
= E—T cells on day 0. From day 1 onwards, the
mice were treated daily for 14 days with
20 - SN THC (5 mg/kg) or the vehicle control by
the i.p. route. The mice were observed
" i i 15'15 '” '18'19 ' z-n '2'1 '2'2 '2'8' daily for survival and signs of morbidity.
The data depicted is a representative of

days three separate experiments,

Expression of CB1 and CB2 cannabinoid receptors on human Molt-4, Jurkat, and Sup-T1
tumor cel lines. Next, we tested whether human leukemia/lymphoma cell lines express
cannabinoid receptors. The expression of CB1 and CB2 cannabinoid receptor mRNA was
determined using RT-PCR analysis (Figure 7). The results showed that all 3 cell lines screened
expressed significant levels of CB2 mRNA. However, unlike the murine tumor cell lines, CB1
MRNA was not detected in these 3 cell lines. In these experiments, we used a human glioma cell
line, U251 as a positive control for CB1 expression.
m Figure 7. The expron of CB1 and CB?2
CB1 | mRNA in Molt-4, Jurkat, Sup-T1, and U251
human tumor cells. The expression of CB1 and
CB2 was determined by RT-PCR analysis. Total
m CB2 | RNA was isolated from Molt-4, Jurkat, Sup-T1
and U251 tumor cells. mRNA was reverse
durkat:- Mot SupElLL: 2 transcribed and amplified by PCR with primers
specific for CB1 and CB2. A photograph of
ethidium bromide-stained amplicons is depicted.
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THC, HU-210, and anandamide induce apoptosisin human leukemia and lymphoma cell
linesin vitro. Next, we examined whether exposure of human leukemia and lymphoma cell
linesto THC or HU-210 would lead to induction of apoptosis. To this end, human tumor cell
lines, Jurkat, Molt-4, and Sup-T1 were exposed to various concentrations of THC, HU-210 (2.5,
5, and 10 uM) or the vehicle for 4 hours, and the induction of apoptosis was determined using
the TUNEL method. The results showed that exposure of the Jurkat, Molt-4 and Sup-T1 cell
linesto >5 uM THC or HU-210 led to significant levels of apoptosis (Figure 8A). THC at 10
UM and HU-210 at 5 uM concentrations caused greater than 80 percent apoptosis (Figure 8A).
Fig 8B shows arepresentative experiment using TUNEL assay. In addition, we examined the
effects of anandamide exposure on the induction of apoptosisin Molt-4 tumor cells. Molt-4
tumor cells were cultured for 4 h in the absence or presence of various concentrations of
anandamide (5, 10, 20 and 40 uM). Thelevel of apoptosis was quantified using the TUNEL
method (Figure 9). The results showed that anandamide at concentrations of 20 UM or greater
induced significant levels of apoptosisin Molt-4 tumor cells. Together, these data suggested that
THC, HU-210, and anandamide can induce apoptosis in various human leukemia and lymphoma

cel lines.

i Figure 8. THC and HU-210 exposure leadsto

i the induction of apoptosisin human lymphoid
: o R tumors in vitro. Human tumors, Molt-4, Jurkat,
and Sup-T1 were cultured in serum free medium
& in the presence or absence of various

ik 3 ¥

T I concentrations of THC, HU-210 (2.5, 5, and 10

g e M), or the vehiclefor 4 h. (A) The induction of
sy ), —— apoptosis was determined by TUNEL method
e and the percentage of apoptotic cells was plotted.

e | N (B) A representative experiment in which human
PGS SN . tumor cells cultured with 10 pM of THC or HU-

A m LT 210 (filled histograms) or the vehicle (open
R i LV histograms) were analyzed for apoptosis using

ER—— ' TUNEL assay.
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THC-induced reduction in viable cell number is mediated through the CB1 and CB2
cannabinoid receptors. Because the human tumor cell lines screened exhibited CB2 but not
CB1 receptors, we tested whether THC was acting through CB2 receptors to induce apoptosis.
To this end, Jurkat and Sup-T1 cells were incubated with 5 uM THC in the presence of CB2
antagonists or the vehicle. After 4 h, the viable cell number was determined by trypan blue dye
exclusion (Figure 10). The results showed that exposure to THC led to a dramatic reduction in
the number of viable tumor cells. However, when the cells were co-cultured with the CB2
antagonist the viable cell numbers increased significantly thereby reversing the effect of THC.

Together, these results suggested that THC-induced reduction in viable cell number and increase

Figure 9. Anandamide exposure
leads to the induction of apoptosisin
Molt 4 tumor cells in vitro. Molt-4
tumor cells were cultured in serum free
medium in the presence or absence of
various concentrations of anandamide
(5, 10, 20, and 40 uM) or the vehicle
for 4 h. Theinduction of apoptosis was
determined by TUNEL method. A
representative experiment in which
Molt-4 tumor cells were cultured with
anandamide (filled histogram) or the
vehicle (open histogram) is depicted.

in the induction of apoptosis was mediated through the CB2 cannabinoid receptors.
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Jurkat Sup-T1

o 18 i Figure 10. CB2 receptor
=3 g antagonists can reverse the
[ - 12 toxicity of THC. Jurkat and Sup-
E gzl 1 T1 human tumor cels were
= 0] i cultured for 4 hrs in the presence of
B 04 THC (10 puM) or the vehicle. In

i o addition, the cultures received the

CB2 antagonist (5 uM). The viable
cell number was determined by
trypan blue dye exclusion. The
data represent mean + S.EM of
triplicate cultures.
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Exposure of Jurkat and Molt-4 tumor cells to CB2 receptor agonist, JWH-015 leads to a
reduction in viability and induction of apoptosis in vitro. Next we examined whether
exposure to a CB2 select agonist would lead to tumor cell death and induction of apoptosis.
Jurkat and Molt-4 tumor cells were exposed to various concentrations of the CB2 select agonist
JWH-015 (1, 5, 10, and 20 uM) or the vehicle in serum free medium for 24 hours. The results
showed that exposure of Molt-4 and Jurkat tumor cells to 5 UM or greater concentrations of
JWH-015 led to a significant decrease in the number of viable tumor cells (Figure 11A). Next,
we examined whether exposure to JWH-015 would lead to the induction of apoptosis. Jurkat and
Molt-4 tumor cells were exposed to JWH-015 for 24 hours and apoptosis was determined by
TUNEL assay (Figure 11B). The results showed that exposure of Jurkat and Molt-4 tumor cells
to 5 uM JWH-015 led to significant induction of apoptosis. Together these results suggested that
treatment of Jurkat and Molt-4 tumor cells with CB2 select agonist can lead to a significant

reduction in cell viability and induction of apoptosis.
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Figure 11. Exposure to the CB2 select
et Mok agonist JWH-015 leads to reduced cell

] 18 viability and induction of apoptosis in

i H 2 Jurkat and Molt-4 tumor cells in vitro.
1Kl H

(A) The effect of JIWH-015 on tumor cell
ﬂ ﬂ i viability was determined by culturing
o Jurkat and Molt-4 tumor cells for 24h in
serum-free medium in the presence of

various concentrations of JWH-015 (1, 5,
ket ot 10, and 20 uM) or the vehicle. The viable

S . Gl cell number was determined by trypan blue
R dye exclusion. (B) The effect of JWH-015
| 4 on the induction of apoptosis in Jurkat and

L et Molt-4 tumor cells was determined by

Rllprss e culturing the tumor cells for 24 hours in
serum-free medium in the presence of 5
UM IJWH-015 (filled histogram) or the
vehicle (empty histogram). Apoptosis was
quantified using the TUNEL method and
the cells were andyzed using a flow
cvtometer.
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THC induces apoptosis in primary acute lymphoblastic leukemia cells in vitro. Next we
examined whether exposure of primary acute lymphoblastic leukemia cells to THC would have
any effect on tumor cell viability or induction of apoptosis. To this end, lymphaoblasts isolated
from peripheral blood of two patients (ALL #1 and ALL #2) with acute lymphoblastic leukemia
(ALL) were cultured in the presence of various concentrations of THC (1, 5, and 10 uM) or
vehicle (DM SO) for 2 hours. The viable cellularity was determined by trypan blue dye exclusion
and showed that exposure of the ALL samples to 5 uM or greater concentrations of THC
resulted in significant reduction in viability (Figure 12A). In addition, we examined the effect of
THC exposure on the induction of apoptosis using the TUNEL method and observed that
exposure of cells from both ALL patients to 5 uM or greater concentrations of THC led to
significant induction of apoptosis (Figure 12B). These results were further corroborated by

staining the ALL cells with Annexin V and propidium iodide (data not shown). Together, these
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results suggested that exposure of primary ALL cells to THC can lead to significant tumor

killing mediated by the induction of apoptosis.
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Figure 12. THC induces apoptosis in
primary acute lymphoblastic
leukemia cells in vitro. (A) The effect
of THC on primary acute
lymphoblastic leukemia cell viability
was determined by culturing the cells
for 2 hours in serum-free medium in
the presence of various concentrations
of THC (1, 5 and 10 pM) or the
vehicle. The viable cell number was
determined by trypan blue dye
exclusion. (B) The effect of THC on
the induction of apoptosis in primary
acute lymphoblastic leukemia cells was
determined by TUNEL assay as
described in Fig 2. Tumor cells were
cultured as described above with THC
(filled histogram) or the vehicle (empty
histogram). Apoptosis was quantified
using the TUNEL method and the cells
were analyzed using a flow cytometer.
The percentage of apoptotic cells
following THC exposure has been
depicted in each histogram.  The
percentage of apoptotic cells following
THC exposure has been depicted in
each histogram.




Discussion

In the current study we demonstrated that THC and other cannabinoids can induce
apoptosis in murine and human leukemia and lymphoma cell lines aswell as primary acute
lymphoblastic leukemia cells. The human tumor cell lines screened expressed CB2 but not CB1
receptors while the murine tumors expressed both CB1 and CB2 receptors. Ligation of CB2
receptors was sufficient to induce apoptosis inasmuch as CB2 sel ective agonists could induce
apoptosisin tumor cells. Also, THC-induced apoptosis in human tumor cell lines was reversed
by CB2 antagonists. THC was not only effective in vitro but aso in vivo as demonstrated by its
ability to induce apoptosis and decrease the tumor load. Moreover, THC treatment could cure
~25% of the mice bearing a syngeneic tumor. Together our data suggest for the first time that
targeting CB2 receptors on tumor cells of immune origin may constitute a novel approach to
treat such cancers.

The interactions between cannabinoids and their receptors in regulating neurobehavioral
functions have been extensively studied. Cannabinoids have aso been shown to ater immune
functions although the precise mechanisms remain unclear. Also, the physiologica functions of
cannabinoid receptors on immune cells and the role played by endocannabinoids in immune cell
regulation remains unresolved. Recent studies from our laboratory demonstrated that
administration of THC into C57BL/6 mice led to marked decrease in the cellularity of the
thymus and spleen which resulted from the induction of apoptosis in immune cells (manuscript
submitted for publication). Recently cannabinoids were also shown to induce apoptosis is tumor

9,10,12,18,19

cells in vitro Together, such studies suggest the possible use of cannabinoids as

anticancer agents.
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The exact mechanism by which THC induces apoptosis in norma and transformed
lymphocytes remains unclear. It is believed that THC and other cannabinoids can act by two
distinct mechanisms. Because of its lipophilic properties it was thought that THC acted through
direct intercalation into the cell membrane. However, it was soon realized that the activity of
cannabinoids was highly stereospecific, suggesting that the lipophilic properties were not solely
responsible for the cannabinoid’s activity. Since then, receptors for cannabinoids were
characterized. These receptors only share 44% homology but most cannabinoids tested show
similar binding affinity to both receptors %°. Both receptors are coupled to G-protein suggesting
that endogenous cannabinoids may play arole in cell signaing . Therefore, it is possible that
the observed effects of THC on the immune response, including the induction of apoptosis, may
be mediated by signals initiated through these receptors. For example Galve-Roperh et a *
demonstrated that apoptosis induced by THC in C6 glioma cells in vivo involved cannabinoid
receptor-dependent pathway. In contrast, others have shown in C6 glioma or a prostate cancer
cell model that THC-induced apoptosis was independent of the involvement of the CB1 and CB2
receptors.

In the current study, several observations suggested that ligation of CB2 receptor can
induce apoptosis in tumors of immune origin. For example, the human tumor cells such as
Jurkat and Sup-T1 expressed only CB2 receptors and the THC-induced apoptosis in these tumor
cells was inhibited at least in part by CB2 antagonists. These studies however did not rule out
the possibility that ligation of CB1 receptors on murine tumors of immune origin would also
induce apoptosis. In fact we have observed that addition of CB1 antagonist to the EL-4 tumor
cells can aso inhibit the apoptosis induced by THC (unpublished results). It should however be

noted that the cannabinoid receptor antagonists can act as inverse agonists %% and thereby
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prevent apoptosis through an alternate pathway. It is for this reason that we used in the current
study human cell lines that expressed only the CB2 receptors and showed using CB2 antagonists
that ligation of CB2 receptors alone is sufficient to induce apoptosis.

THC iswell known for itsimpact on the cytokine network %%, For example, the presence
of THC or activation of the CB1/CB2 receptors can block forskolin-induced accumulation of
CAMP ?*?® and reduced cAMP levels correlate with the repression of IL-2 transcription and
secretion 2. IL-2 plays an important role in the regulation of apoptosis . Therefore,
reduction in the levels of IL-2 or other cytokines following exposure to THC may partly account
for increased apoptosis. In fact, previous studies from our laboratory have demonstrated that IL-
2 can act as an autocrine growth factor in the autonomous proliferation of transformed T cells
3.3 Thus, inhibition of IL-2 production by THC could lead to decreased proliferation and
apoptotic cell death.

CBL1 receptors are expressed in the central nervous system as well as the pituitary gland,
immune cells, reproductive tissues, gastrointestina tissues, heart, lungs, urinary bladder and
adrenals (reviewed in Y). In contrast, CB2 receptors are primarily found in immune cells
including T cells, B cells, NK cells, macrophages, neutrophils and mast cells **3*. Thus, the
selective expression of CB2 receptors on the immune cells provides a unique opportunity to
target the malignancies of the immune system by using CB2 agonists to induce apoptosis and
thereby provide new avenues to treat such cancers. The advantage in using CB2-selective
agonists aso stems from the fact that such a treatment is devoid of psychotropic effects that are
characteristic of CB1 agonists. Thus, it is possible to synthesize new ligands for CB2 receptors
and test them for their efficacy against tumors of immune origin. It should be noted that in the

current study we randomly selected a few murine and human tumor cell lines of immune origin
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which were all found to be sensitive to cannabinoid-induced apoptosis. Recently, however, we
have identified a human cell line that was resistant and further studies are in progress to address
whether this cell line lacks physical or functional cannabinoid receptors and/or signaling
molecules that trigger apoptosis.

The dose of THC that induced apoptosis in vitro, in the current study, was found to be 10
MM or greater using serum containing medium and 3 uM or higher in serum-free medium.
Similar observations were also made by others who noted that THC was less effective in
inducing cell death in the presence of serum Y. This is believed to be the result of direct
interactions between serum proteins, such as albumin, with cannabinoids *°. The doses of THC
used in vitro in the current study were pharmacologically relevant because in an earlier study,
rats injected with 50 mg/kg of THC were shown to exhibit 10 uM of THC in the serum within 10
hours of administration *. Also, in these studies, mice were given as high as 500 mg/kg five
times aweek for two years. Interestingly, despite such high doses, the survival of dosed rats was
higher than controls. Also, the incidence of awide range of cancersin mice and rats treated with
THC was reduced in a dose-dependent manner *. In the current study, we also observed that
cannabinoid agonist WIN55212-2 failed to induce apoptosis similar to findings of Ruiz et. al.
(2999) in the human prostate tumor model. The reason why WIN55212-2 fails to induce
apoptosisis not clear. However, it can be speculated to be due to differences in the structure and
binding abilities to the cannabinoid receptors when compared to the classical cannabinoids such
as THC and HU-210 %°. In most previous studies, the effect of THC or other cannabinoids to
induce apoptosis in non-lymphoid tumor cell lines was seen only after exposure for 2 or more

9,10,12,13

days . In contrast, in the current study, we were able to demonstrate marked induction of

apoptosis in lymphoid tumors as early as 4 hours following culture with THC. These data
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suggested that lymphoid tumors may be highly sensitive to THC-induced apoptosis.
Anandamide was shown recently to induce apoptosis in human neuroblastoma (CHP100) and
lymphoma (U937) cells '8, These authors demonstrated that anandamide-induced apoptosis was
independent of cannabinoid receptors and was induced through vanilloid receptors. In the
current study we also observed that anandamide was effective at inducing apoptosis in lymphoid
cell lines that were screened. Further studies are in progress to determine the involvement of
vanilloid or cannabinoid receptors in anandamide-induced apoptosis.

In the current study we observed that THC was not only able to induce apoptosisin tumor
cells in vitro but also in vivo. Furthermore, THC was effective in reducing the tumor load,
prolonging the mean survival time of tumor bearing mice as well curing a significant proportion
of such mice. Because THC is immunosuppressive and EL-4 is an immunogenic tumor * it is
possible that the immunosuppressive effects of THC may have interfered with the host’s anti-
tumor immunity which may account for lower percentage of cures. Thus, further manipulations
of the dose of THC that would induce significant apoptosis without causing significant
suppression of antitumor immunity may lead to development of a treatment regimen that may
cure alarger percentage of tumor-bearing mice. Such studies are currently in progress.

Together, the current study demonstrates that targeting CB2 receptors to induce apoptosis
may constitute a novel approach to treat malignancies of the immune system. The advantage in
using CB2 receptor agonists is that they do not exhibit psychoactive properties. Also, because
CB2 receptors are expressed exclusively on immune cells, use of CB2 receptor agonists will not
be toxic to non-immune cells. Thus, further research on CB2 receptor agonists to target
transformed immune cells could lead to discovery of a new class of highly selective anti-cancer

agents.
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Figure 3
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Figure 6
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