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Abstract The capacity for human monocytes to differentiate
into antigen-presenting dendritic cells (DC) can be influenced
by a number of immune modulating signals. Monocytes ex-
press intracellular cannabinoid type 1 (CB1) and 2 (CB2)
receptors and we demonstrate that exposure to A9-
tetrahydrocannabinol (THC) inhibits the forskolin-induced
generation of cyclic adenosine monophosphate in a CB2-
specific manner. In order to examine the potential impact of
cannabinoids on the generation of monocyte-derived DC,
monocytes were cultured in vitro with differentiation medium
alone [containing granulocyte/macrophage-colony stimulat-
ing factor (GM-CSF) and Interleukin-4 (IL-4)] or in combina-
tion with THC. The presence of THC (0.25-1.0 pg/ml) altered
key features of DC differentiation, producing a concentration-
dependent decrease in surface expression of CD11¢, HLA-DR
and costimulatory molecules (CD40 and CD86), less effective
antigen uptake, and signs of functional skewing with de-
creased production of IL-12 but normal levels of IL-10. When
examined in a mixed leukocyte reaction, DC that had been
generated in the presence of THC were poor T cell activators
as evidenced by their inability to generate effector/memory T
cells or to stimulate robust I[FN-y responses. Some of these
effects were partially restored by exposure to exogenous IL-7
and bacterial superantigen (S. aureus Cowans strain). These
studies demonstrate that human monocytes express functional
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cannabinoid receptors and suggest that exposure to THC can
alter their differentiation into functional antigen presenting
cells; an effect that may be counter-balanced by the presence
of other immunoregulatory factors. The impact of cannabi-
noids on adaptive immune responses in individuals with fre-
quent drug exposure remains to be determined.

Keywords A9-tetrahydrocannabinol - Cannabinoid
receptor - Monocyte - Dendritic cell - T cell activation -
Cytokines

Introduction

The expression of cannabinoid receptors by human leukocytes
suggests that both endogenous ligands and inhaled marijuana
smoke might exert immunoregulatory properties that are dis-
tinct from their effects on the brain (Klein and Cabral 2006;
Klein et al. 2005). Furthermore, while brain cells exclusively
express cannabinoid receptor type 1 (CB1), leukocytes ex-
press both CB1 and CB2, with CB2 reported as the predom-
inant subtype (Bouaboula et al. 1993, Munro et al. 1993;
Nong et al. 2002). Both CB1 and CB2 are transmembrane
G-protein coupled receptors that inhibit the generation of cy-
clic adenosine monophosphate (cAMP) and can signal
through a variety of pathways including PI3-kinase, MAP
kinase, NF-kB, AP-1, and NF-AT (Basu and Dittel 2011;
Bosier et al. 2010). The resulting effects on host immunity
have primarily been studied in animal models and suggest a
coordinated down-regulation of cellular responses that can
occur through altered trafficking, selective apoptosis, or func-
tional skewing of antigen presenting cells and T cells away
from T helper type 1 (Th1) or Th17 response patterns (Klein
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etal. 2000; Zhu et al. 2000; Nagarkatti et al. 2009; Rieder et al.
2010; Karmaus et al. 2013; Kong et al. 2014). Similar results
have been observed when purified human T cells are stimu-
lated in vitro in the presence of A9-tetrahydrocannabinol
(THC) (Yuan et al. 2002). However, the extent to which the
effects are observed in humans in vivo is unclear. Daily ad-
ministration of marijuana or oral THC to research subjects in a
prospective and randomized study had no obvious effecton T
cell proliferation or cytokine production when blood cells
were subsequently isolated and stimulated in vitro (Bredt
et al. 2002). Sipe et al. (2005) examined the distribution and
function of a common polymorphism in the human CB2 gene
associated with the replacement of a glutamine by an arginine
at amino acid position 63. Functionally, lymphocytes from
subjects with either of these genotypes proliferated normally
when stimulated with anti-CD3 antibody. However, when
stimulated in the presence of an endocannabinoid, lympho-
cytes expressing the glutamine residue at position 63 were
markedly inhibited while those expressing the arginine were
only modestly suppressed. The arginine substitution also cor-
related with the prevalence of autoimmune disease in the sub-
jects tested. Collectively, this body of work suggests that can-
nabinoids are biologically active immune regulators in
humans.

Expanding upon this hypothesis, we examined the expres-
sion of cannabinoid receptors by human monocytes and the
impact of THC on their differentiation into monocyte-derived
dendritic cells (DC). Exposing monocytes to THC blocked
many of the features normally associated with their differen-
tiation into functional DC and impaired their capacity for T
cell activation. Furthermore, the T cell activation that did oc-
cur was associated with a change in T cell phenotype and
cytokine secretion. However, the impact of THC was partially
overcome when DC and T cells were exposed to a combina-
tion of activation signals and exogenous cytokines. Our find-
ings suggest that cannabinoids are capable of altering the dif-
ferentiation and activation of cells involved in human cell-
mediated immunity.

Materials and Methods
Primary Cells and Cell Lines

Human peripheral blood was obtained from healthy volunteers
according to a protocol approved by the UCLA Institutional
Review Board. Mononuclear cells (PBMC) were isolated by
ficoll density gradient centrifugation. Chinese hamster ovary
(CHO) cells were transfected with a plasmid encoding for hu-
man CB2 and transfectants (CHO-CB?2) selected by growth in
Kaighn’s F-12 medium containing 0.2 mg/ml G418
(Calbiochem, San Diego, CA).
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Reagents and Antibodies

THC and SR144528 (selective CB2 antagonist) were provid-
ed by the National Institute on Drug Abuse (NIDA, Bethesda,
MD). JWH-015 (selective CB2 agonist) was obtained from
Enzo Life Sciences (Farmingdale, NY). All cannabinoids
were solubilized in ethanol and diluted serially in DMSO
and then culture medium prior to use (final ethanol concentra-
tion<0.01% and DMS0<0.125%). Interleukin (IL)-10, and
IL-12 ELISA Kkits, fluorescent-labeled monoclonal antibodies
(mAbs) directed against CD11c, CD13, CD14, CD40,
CD45RA, CD86, and HLA-DR, and mAbs used for cell de-
pletion and purification were all from BD-Biosciences (San
Jose, CA). Monoclonal anti-CB2 and fluorescent-labeled anti-
CB1 antibodies and recombinant human IL-4, IL-7,IL-12 and
IL-15 were from R&D Systems (Minneapolis, MN). APC-
labeled goat anti-mouse F(ab’), mAb, fluorescent-labeled an-
ti-CD25 antibody and fluorescein-labeled dextran (FITC-
dextran, MW 40,000) were purchased from Invitrogen (Carls-
bad, CA). Granulocyte/macrophage-colony stimulating factor
(GM-CSF) was obtained from Berlex Laboratories, Inc.
(Richmond, CA).

Preparation of Monocytes, DC and T cells

Human monocytes were prepared from PBMC by
immunomagnetic depletion (Miltenyi Biotec, Auburn, CA)
and T cells were purified using a combination of mAb (anti-
CD14, anti-CD16, anti-CD19) and anti-mouse Ig-conjugated
immunomagnetic beads (Dynal, Lake Success, NY). DC were
differentiated from monocyte precursors by culturing adherent
PBMC in X-VIVO 15 medium (Lonza; Walkersville, MD)
supplemented with GM-CSF (800 U/ml) and IL-4 (100 to
500 U/ml) according to a standard protocol (Kiertscher and
Roth 1996). The effects of THC on this differentiation process
were assessed by adding THC (0.25 to 1.0 pg/ml) or diluent
alone (containing ethanol/DMSO) 10 min before the addition
of GM-CSF and IL-4. Dendritic cells were recovered from the
flasks on day 7 and the expression of cell surface markers
characterized by fluorescence-activated cell sorting (FACS)
using a FACS Calibur® cytometer with CellQuest® analysis
software (Becton Dickinson, San Jose, CA). For mixed leu-
kocyte reactions (MLR) and cytokine assays, DC were further
purified by depleting T cells, natural killer cells and B cells
using lineage-specific mAb (anti-CD3, anti-CD19, anti-
CD56) and immunomagnetic beads (Dynal).

Analysis of CB1 and CB2 Expression

For CB1 and CB2 mRNA expression, total cellular RNA was
isolated using Rneasy mini-kits (Qiagen, Valencia, CA) and
RT-PCR was carried out as detailed below or through a com-
mercial vendor employing a quantitative RT> Profiler™ PCR
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Array (Qiagen). Total RNA was reverse-transcribed using the
cDNA Cycle® kit from Invitrogen (Carlsbad, CA) and 2 pl of
the reverse transcription (RT) product used in a 20 ul RT-PCR
reaction containing 0.4 mM dNTM mix, 2 mM MgCl,, 2.5 U of
Taq DNA polymerase, PCR buffers and 0.5 uM each of the
forward and reverse primers for either CB1 (5°-
caccttccgeaccatcaccac-3’; 5°-gtctcecgeagtcatcttetettg-3’), CB2
(5’-catggaggaatgctgggtgac-3’; 5’-gaggaaggcgatgaacaggag-3’)
or f-actin (5°-tgatggtgggcatgggtcag-3’; 5°-
gtettggegtacaggtcttt-3”), all from Invitrogen. RT-PCR cycling
conditions for CB1 and CB2 included an initial 5 min denatur-
ation @ 94 °C followed by 35 cycles consisting of 45 s @
94 °C,45s @ 64 °C, and 1 min @ 72 °C, with a final extension
for 7 min @72 °C. Cycling conditions for 3-actin were similar
except for the use of only 30 cycles and an annealing temper-
ature of 62 °C. RT-PCR products were resolved on 2% agarose
gels and imaged with a UV transilluminator and a Polaroid
photodocumentation camera. Expression of 3-actin was used
to control for loading and signal intensities measured by densi-
tometry using NIH Imager software (NIH, Bethesda, MD).
Using this approach, serial two-fold dilutions of total RT prod-
uct from CHO-CB2 cells demonstrated a linear relationship
between dilution factor and signal intensity over an §-fold
range.

Cell surface and intracellular expression of CB1 and CB2
receptors were determined by FACS analysis as previously
described (Castaneda et al. 2013). Briefly, cell surface CB2
was detected with unlabeled mouse mAb directed against hu-
man CB2, followed by APC-labeled goat anti-mouse F(ab’),.
Isotype-matched mAb against an irrelevant antigen (mouse
NKI1.1) was used as a control. Cell surface CB1 was measured
by anti-CB1-PE, with anti-mouse NK1.1-PE serving as a neg-
ative isotype control. For the detection of intracellular CB1
and CB2 receptor, cells were fixed with 1 %
paraformaldehyde/PBS (Sigma Aldrich, St. Louis, MO) and
treated with permeabilizing solution (BD Biosciences) prior to
staining with mAb.

Forskolin-Induced cAMP Assay

Functional coupling of cannabinoid receptors to G-protein
activity was assessed by measuring forskolin-induced cAMP
levels in CHO-CB2 cells and fresh human monocytes. CHO-
CB2 cells were cultured overnight at 5x10° cells/well in a 6-
well plate. The next day, DMSO was added (50 uM) and cells
cultured for an additional 18 h. THC (0.5 pug/ml), JWH-015
(0.025 uM), the combination of SR144528 (1 uM) and THC
(0.5 ug/ml), or diluent alone, were then added to the wells and
incubated for 15 min prior to an 18 h stimulation with 50 uM
forskolin (Sigma-Aldrich). For studies with monocytes, 5 x
10° PBMC were placed into each well of a 24-well plate and
monocytes allowed to adhere for 2 h in X-VIVO-15 medium.
Non-adherent cells were then removed, wells rinsed, and the

remaining monolayer treated in a manner identical to that
described for CHO-CB2 cells. For both cell types, superna-
tants were harvested at the end of the forskolin stimulation and
stored at —80 °C until assayed in duplicate for cAMP using a
standard competitive enzyme immunoassay kit (Cayman
Chemicals; Ann Arbor, MI). The final reaction product was
read in a plate reader at 405 nm (Spectra/SLT Lab Instruments;
Salzburg, Austria) and the amount of cAMP determined by
regression analysis.

DC Endocytosis and Cytokine-Secretion Assays

DC that had been generated in the presence or absence
of THC (0.5 pg/ml) for 7 days were cultured with
FITC-dextran (1 mg/ml) for 60 min at either 4 °C or
37 °C and the assay terminated by adding 3 ml of ice-
cold PBS containing 0.1% azide. Cell pellets were ex-
tensively washed and the DC immediately analyzed for
accumulation of intracellular fluorescence by FACS.
The degree of endocytosis was determined by compar-
ing the intracellular uptake at 37 °C to that at 4 °C
(i.e., difference in mean fluorescence intensity). In or-
der to evaluate their capacity for cytokine production,
control and THC-treated DC were also cultured for an
additional 48 h at 0.5x10° cells/ml in X-VIVO 15 me-
dium supplemented with GM-CSF (800 U/ml), IL-4
(500 U/ml) and 20 pg/ml of heat-killed, formalin-
fixed Staphylococcus aureus Cowan (SAC, Calbiochem)
as a cytokine-inducing agent. Supernatants were har-
vested and replicate samples assayed for the concentra-
tion of IL-10 and IL-12 by cytokine-specific ELISA.
Results from duplicate wells were analyzed using a mi-
croplate reader and automated regression software
(Spectra/SLT).

MLR and Cytokine Assays

DC and THC-DC were evaluated for their capacity to
activate T cells in a standard MLR assay (Kiertscher
and Roth 1996). Allogeneic CD45RA+ T cells were
isolated by negative selection with specific antibody
(anti-CD14, anti-CD16, anti-CD19, anti-CD45RO) and
immunomagnetic beads, then labeled using the Vybrant
CDSE/CFSE Cell Tracer Kit (Invitrogen-Molecular
Probes, Eugene, OR) according to the manufacturer’s
protocol. DC were cultured with 2x10° T cells at
1:50 DC:T cell ratios in X-VIVO 15 medium in 96 well
round-bottom plates at 37 °C in a humidified CO, in-
cubator. For some experiments, DC and THC-DC were
matured by culture with 20 pg/ml SAC for 18-24 h
prior to co-culture with the T cells. In other experi-
ments, the co-cultures were supplemented with 2 ng/ml
of either IL-7, IL-12 or IL-15. On day 5 of co-culture,

@ Springer



336

J Neuroimmune Pharmacol (2015) 10:333-343

the T cells were collected and analyzed by FACS for
proliferation (by CFSE dilution) and cell surface marker
expression (by addition of marker-specific fluorescent
antibodies). Cell-free supernatants were collected from
the wells and assessed for cytokines by custom multi-
plex analysis (Aushon BioSystems, Billerica, MA). Each
cytokine was measured in duplicate and represented as
the average value+SD.

Statistical Analysis

Data from individual experiments are represented as the
mean=SD for the indicated number of replicates. Pooled
data from multiple experiments are represented as mean
values or as a percentage of control, + SE. Comparisons
involving multiple groups were assessed by one-way
ANOVA for the presence of an overall treatment effect
at a level of p<0.05. If an overall difference was iden-
tified, then a post-hoc analysis was performed to com-
pare individual groups of interest using either a paired
or unpaired #-test as appropriate for the relationship be-
tween experimental groups. Statistically significant dif-
ferences were determined by the presence of p<0.05 for
single comparisons or with a Bonferroni correction for
multiple comparisons.
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Fig. 1 Monocytes express high levels of CB2 mRNA and intracellular
CBI and CB2 protein. a: Peripheral blood monocytes were purified from
PBMC by negative depletion using immunomagentic beads and the
relative expression of CB1 and CB2 mRNA determined by semi-
quantitative RT-PCR using densitometry and normalized for the
expression of (-actin. Representative results from one of two
determinations. b: mAbs specific for the N-terminal domains of CB1
and CB2 were used to identify expression of the corresponding proteins
on the cell surface or at intracellular sites following permeabilization.
Anti-CB1 was a fluorochrome-conjugated mAb while anti-CB2 was an
unlabeled mAb detected by secondary stain with fluorochrome-

@ Springer

Results

Human Monocytes Express Functional Cannabinoid
Receptors

As an initial step in understanding the potential interaction
between cannabinoids and human monocyte-derived DC,
monocytes were evaluated for the expression of the CB1 and
CB2 receptor subtypes by RT-PCR (Fig. 1a) and flow cytom-
etry (Fig. 1b). RT-PCR studies were carried out on monocytes
that had been purified to >90% purity by either negative de-
pletion or fluorescent cell sorting. mRNA encoding for both
CB1 and CB2 were detected, although expression of CB2
predominated whether analyzed by standard RT-PCR
(Fig. 1b, representative experiment) or by an automated quan-
titative RT-PCR using cells from 4 different donors (average
CB2:CBI1 ratio=4.0; range =0.15 to 10.34).

Despite the presence of mRNA, standard flow cytometry
failed to detect CB1 or CB2 receptor protein on the cell sur-
face of monocytes even though antibodies were directed
against their N-terminal epitopes. However, when cells were
fixed and permeabilized, specific staining for both CB1 and
CB2 was detected, consistent with the presence of intracellular
protein (Fig. 1b). Intracellular background staining with
isotype control mAb was minimal for CB1 but dimly-

Surface Permeabilized

Specific mAb (RFI) ———>

conjugated goat-anti-mouse IgG antibody. For the intracellular analysis,
cells were fixed with paraformaldehyde and permeabilized prior to mAb
staining. Results are gated for CD13+ or CD14+ peripheral blood
monocytes by flow cytometry and expressed as histograms with relative
fluorescence intensity (RFI) on the X-axis. Black line (no fill)=unstained
cells; Gray line (no fill)=isotype control mAb for CBI1 (top panels) or
isotype control mAb with secondary detection by GAM for CB2 (bottom
panels); Black solid fill=staining by anti-CB1 (top panels) or anti-CB2
mADb with secondary detection by GAM (bottom panels). Representative
results from one of 4 determinations
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positive for CB2, likely reflecting the need for APC-labeled
goat anti-mouse F(ab’), as a secondary detection reagent. Due
to these differences in fluorescent labels and staining proto-
cols, the relative fluorescent intensity for CB1 and CB2 can-
not be directly compared as measures of receptor
concentration.

The presence of functional CB2 receptor complexes was
then assessed by measuring the impact of different cannabi-
noids on forskolin-induced generation of cAMP (Fig. 2a).
Using CHO-CB2 cells as a model, we confirmed that treat-
ment with THC (0.5 ug/ml=1.59 uM) significantly inhibited
the generation of cAMP, as did JWH-015 (0.025 uM; selec-
tive CB2 agonist) at p<0.01. Furthermore, the inhibition of
cAMP by THC was blocked by pretreatment with SR144528,
a selective CB2 receptor antagonist (p<0.01). The same as-
says were repeated using purified human monocytes (Fig. 2b).
Again, an overall CB2 agonist treatment effect was present.
Pretreatment with either THC or JWH-015 inhibited the
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Fig. 2 CB2 receptors on monocytes are coupled to G; proteins and
activated by THC. CHO cells expressing human CB2 (CHO-CB2) (a)
and adherent human monocytes (b) were pre-treated for 15 min with
either diluent alone (control), THC (0.5 pg/ml), JWH-015 (0.025 uM),
or the combination of SR144528 (1 uM) and THC (0.5 pg/ml), followed
by an 18 h stimulation with forskolin (50 tM). Accumulation of cAMP in
the culture supernatant was determined by a competitive enzyme
immunoassay and presented as mean values+SD of replicate
measurements. JWH-015 is a selective CB2 agonist and SR144528 a
selective CB2 antagonist. *p<0.01 compared to control. 'p<0.01
compared to THC treatment alone. Representative results from one of 4
experiments

Control

forskolin-induced generation of cAMP (68.0+4.2% and
58.3+5.7% of control levels, respectively) and the effects of
THC were blocked by SR144528 (p<0.01 for all compari-
sons). While monocytes express both CB1 and CB2, the pre-
dominance of CB2 mRNA and the response of these cells to
CB2-selective agents suggest that CB2 acts as the dominant
cannabinoid signaling pathway.

Exposure to THC Alters the Phenotype of Monocyte-Derived
DC

The differentiation of human monocytes into DC is as-
sociated with characteristic changes in cell surface pro-
teins involved in antigen presentation (Kiertscher and
Roth 1996). To evaluate the effects of THC on this
aspect of differentiation, adherent PBMC were cultured
for 7 days with GM-CSF and IL-4 and examined for
the expression of typical monocyte and DC markers by
flow cytometry (Fig. 3). Exposure to THC (0.25 to
1.0 pug/ml) did not prevent the normal down-regulation
of CD14, but did inhibit the upregulation of other cell
surface markers characteristic of antigen presenting cells
including CDl1lc, HLA-DR, CD40 and CD86. The ef-
fects were concentration-dependent, with 0.5 pg/ml
THC inhibiting expression of all of these markers by
40-60%. Interestingly, the response profiles were not
uniform for every protein. THC produced a uniform
decrease in the expression of CDllc and CD40 on all
of the cells but resulted in two distinct subsets with
respect to the expression of HLA-DR and CD86 — one
population that did not express these markers and one
that expressed relatively normal levels (Fig. 3). In the
latter case, the relative proportions of these two subsets
depended upon the concentration of THC, with higher
levels of THC resulting in fewer marker-positive cells.

Cannabinoids have been reported to promote the apoptosis
of mouse bone marrow-derived DC under certain conditions
(Do et al. 2004). In order to assure that the phenotypic changes
observed in our studies were not the result of poor viability,
DC that had been differentiated in the presence of either THC
(0.25 to 1.0 ug/ml) or JWH-015 (0.25 to 0.75 uM) were
stained with propidium iodide and Annexin-V-FITC. There
was no significant impact of either cannabinoid on the number
of recovered cells or on the frequency of apoptotic or dead
cells (data not shown).

Dendritic Cells Generated in the Presence of THC are
Functionally Altered

In addition to their high level expression of major histo-
compatibility complex and costimulatory molecules,
monocyte-derived DC are usually characterized by their
capacity for antigen uptake, as well as their secretion of
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Fig. 3 THC inhibited the expression of HLA-DR and other DC surface
markers in a concentration-dependent manner. a: Adherent PBMC were
cultured for 7 days with GM-CSF and IL-4 to induce their differentiation
into DC in the presence of diluent alone or increasing concentrations of
THC as indicated. Cell surface HLA-DR expression was measured by
flow cytometry (percent of control mean fluorescence intensity).
Representative experiment, n=5. b-¢: Adherent PBMC were cultured

cytokines that promote cell mediated immunity. Receptor-
mediated endocytosis was measured by the uptake of
FITC-dextran and was dramatically suppressed in cells
that had been exposed to THC (Fig. 4a). The production
of IL-10 and IL-12 was also assessed by stimulating cells
with SAC and measuring cytokines released into the cul-
ture media at 48 h following stimulation. Interestingly,
while the production of IL-12 was significantly sup-
pressed (p<0.01), the secretion of IL-10, which can bias
T cell activation toward T helper type 2 (Th2) and/or T
regulatory (Treg) phenotypes, was not altered (Fig. 4b).
This differential effect on cytokine production is consis-
tent with an immunoregulatory effect rather than a global
suppression of DC function.

a 4°C 37°C
36 317
DC (36) (317)

88 95

THC-DC ©9 ©9

FITC-dextran uptake >

Fig.4 Exposure to THC impairs the capacity for receptor-mediated
endocytosis and alters the relative production of I1L-10 and IL-12 by
activated DC. a: Purified DC that had been generated in the presence or
absence of THC (0.5 pg/ml) for 7 days were cultured for 1 h with FITC-
dextran (1 mg/ml) at either 4 °C or 37 °C and then analyzed by FACS for
uptake. Numbers represent mean fluorescence intensity. b: Purified DC
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for 7 days with GM-CSF and IL-4 to induce their differentiation into
DC in the presence of diluent alone (b) or THC at 0.5 pg/ml (¢) added
at the beginning of culture. Cell surface expression of CD14, CDllc,
HLA-DR, CD86 and CD40 were measured by flow cytometry.
Numbers represent mean fluorescent intensity for the entire population
and the dashed line indicates the highest fluorescence intensity value for
unstained cells. Data are representative from one of 9 experiments

THC-DC are Poor T cell Stimulators and Fail to Induce
Effector T cells

The capacity for DC to stimulate the activation and prolifera-
tion of antigen-specific T cells represents a final integrated
measure of their function. DC that had been generated in the
presence or absence of THC (THC-DC) were recovered from
the 7 day culture of adherent PBMC, purified by negative
depletion, and cultured with allogeneic T cells in a MLR assay
(Fig. 5). In order to avoid direct effects on responder T cells,
no further THC was added during the 5 days of DC:T cell co-
culture. Proliferation was monitored by labeling cells with
CFSE, which also allowed the phenotype of responder cells
to be tracked with each cell division over time. While control

b
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(@]
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(0]
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e
& 100 \ \
0_ N D

DC THC-DC

were cultured for an additional 48 h (0.5x10° cells/ml) with 20 pg/ml
SAC as a cytokine-inducing agent. Release of IL-10 and IL-12 was
measured by cytokine-specific ELISA and represented as mean values+
SD for replicate measurements. *p<0.01 compared to control. N=3
experiments
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DC were potent stimulators of both CD4+ and CD8+ respond-
er T cells, the proliferative response to THC-DC was severely
blunted (Fig. 5a). THC-treated DC induced T cell proliferation
that ranged from only 17 to 32% of control values (p<0.01,
n=6 experiments). Furthermore, while control DC promoted
the conversion from naive CD45RA+ T cells to activated
CD45RO+ clones expressing the high affinity IL-2 receptor
(CD25), this functional transformation into effector/memory

4 Fig.5 Exposure to THC impairs the ability for DC to activate allogeneic

T cells in a MLR assay. DC or THC-exposed DC were cultured with 2 x
10° CFSE-labeled allogeneic CD45RA+ T cells at a 1:50 DC:T cell ratio
in a standard MLR assay. Following 5 days of culture, T cells were
collected and stained with fluorescently-labeled monoclonal antibodies
specific for CD8, CD45RA, and CD25. a: The percentage of T cells and T
cell subsets that proliferated was determined by measuring CFSE dilution
and cell surface marker expression (top panels). The percentage of T cells
corresponding to each cell division number is displayed in the bottom
panels. b: The proliferating cells were further analyzed for the
development of an effector memory phenotype (upregulation of CD25,
downregulation of CD45RA). The percentages indicate the percent of
total T cells within the specified regions, with the numbers in
parentheses indicating the MFI of those cells. ¢. The levels of IFN-y
and TNF-« present in the co-cultures were determined by multiplex
analysis of the day 5 supernatants. *p<0.01 comparing control DC and
THC-DC. Representative results from one of 6 experiments (a-b), and
one of two experiments (c)

T cells was almost completely absent when T cells were stim-
ulated with THC-DC (Fig. 5b). There was a similar impact on
the generation of effector cell cytokines as measured by the
release of IFN-y and TNF-«x into the culture supernatant
(Fig. 5¢, p<0.01).

DC Activators and Supplemental Cytokines Partially Restore
the Function of THC-DC

A number of factors can help restore function to impaired
antigen presenting cells or enhance their capacity to stim-
ulate T cell responses. Given our findings with THC-DC,
we hypothesized that a combination of DC activation and
cytokine replacement might be effective for this purpose.
In initial experiments, DC and THC-DC were exposed to
heat-killed and fixed SAC for 18-24 h prior to co-culture
with T cells. The goal was to replicate bacterial activa-
tion signals that might occur during an immune challenge
in vivo. In other experiments, the co-cultures were sup-
plemented with IL-7, IL-12 or IL-15 to replace key cy-
tokines known to be involved in the proliferation and
differentiation of effector/memory T cells. As demonstrat-
ed in Fig. 6, pre-treating control DC with SAC enhanced
their capacity to stimulate T cell proliferation and matu-
ration. In addition, exposing THC-DC to SAC restored
some of their capacity to generate mature (CD45RO+/
CD25+) responder T cells. This effect correlated with
the upregulation of HLA-DR, CD80 and CD86 on
THC-DC (data not shown). In addition, supplementing
the co-cultures with IL-7 helped SAC-stimulated DC to
further promote the expansion and phenotypic maturation
of effector T cells, a synergistic effect that was not ob-
served with either IL-12 or IL-15. When assessed in a
limited number of experiments, IL-7 also increased the
production of IFN-y and TNF-«, consistent with a
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Fig. 6 Addition of SAC or IL-7 can partially compensate for the
diminished T cell stimulatory capacity of THC-exposed DC. DC or
THC-exposed DC were cultured with 2x 10° CFSE-labeled allogeneic
CD45RA+ T cells at a 1:50 DC:T cell ratio as in Fig. 5. As indicated,
some of the DC and THC-exposed DC were further matured by an 18—
24 h exposure to 20 pg/ml SAC prior to co-culture with the T cells.

restoration of their effector/memory function (data not
shown).

Discussion

The human CB2 receptor was first cloned from a human
myeloid cell line (Munro et al. 1993) and has been report-
ed as the predominant cannabinoid receptor subtype
expressed by immune cells (Galiégue et al. 1995). Con-
sistent with this, we found that expression of CB2 mRNA
predominated over CB1 when fresh human monocytes
were purified and assayed by semi-quantitative RT-PCR
techniques. However, neither cannabinoid receptor could
be detected on the extracellular surface of monocytes
when stained with mAbs known to be specific for their
N-terminal sequences. We recently reported that CB2 may
exist as an intracellular protein in immune cells
(Castaneda et al. 2013) and others have suggested that
CB1 may also function as an intracellular receptor
(Brailoiu et al. 2011). Consistent with these observations,
the addition of an initial fixation and permeabilization
step resulted in positive staining by both anti-CB1 and
anti-CB2 mAbs, but not by their respective isotype con-
trols. Functional receptor protein was confirmed by

@ Springer

Additionally, some of the DC-T cell co-cultures were supplemented
with 2 ng/ml rhIL-7. The CFSE dilution and CD45RA staining profiles
are shown for the various experimental groups, with the percentages
indicating the percent of total T cells within the CFSE-diluted/
CD45RA-dim regions. Representative results one of 6 experiments

assaying the capacity for cannabinoids to inhibit
forskolin-induced changes in cAMP. Addition of THC, a
pan-agonist with equal affinity for CB1 and CB2, blocked
forskolin-induced cAMP in both transduced CHO-CB2
cells and in fresh human monocytes. In addition, this ef-
fect was recapitulated by exposure to JWH-015, a selec-
tive CB2 agonist, and the effects of THC were completely
blocked by SR144528, a selective CB2 antagonist. These
findings confirm reports that CB2 predominates as the
functional cannabinoid receptor pathway in human mono-
cytes and add the caveat that receptor expression occurs at
an intracellular location rather than on the cell surface.
Monocytes act as myeloid precursors that can differentiate
along a number of functionally-distinct pathways depending
upon their interaction with cytokines, growth factors, infec-
tious signals and other regulatory mediators (Sica and
Mantovani 2012). When driven to differentiate into
monocyte-derived DC under the influence of GM-CSF and
IL-4 (Kiertscher and Roth 1996; Roth et al. 2000), their func-
tion can also be modulated by a variety of factors (Alonso
et al. 2011). Concurrent exposure to IL-6 and macrophage-
colony stimulating factor can divert differentiation toward
macrophages instead of DC (Chomarat et al. 2000).
Transforming growth factor (TGF)-3 and IL-23 promote the
development of DC that promote Th17 biased responses
(Rajkovic et al. 2011). IL-10 promotes tolerogenic and Th2-
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promoting features (Steinbrink et al. 1997), while a variety of
toll-like receptor ligands and immunostimulatory cytokines
will promote DC that stimulate effector/memory T cells
(Banchereau et al. 2000; Lanzavecchia and Sallusto 2000).
In this setting, we hypothesized that exposure to THC during
the process of DC differentiation would provide valuable in-
sight regarding its immunoregulatory properties. Further, giv-
en the immunosuppressive effects that cannabinoids have on
antigen-specific T cell responses in animals in vivo (Klein
et al. 2000; Zhu et al. 2000) and on human T cell activation
in vitro (Yuan et al. 2002; Sipe et al. 2005), we hypothesized
that cannabinoids might render DC tolerogenic or otherwise
skew their stimulatory activity.

Only a few studies have examined the interaction of can-
nabinoids with DC and in most cases the focus has been on
murine models or on the effects of cannabinoids on differen-
tiated DC (Do et al. 2004; Lu et al. 2006; Karmaus et al.
2013). Do et al. (2004) suggested that THC can impair im-
mune responses by inducing DC apoptosis. However, they
studied mouse bone marrow-derived DC and apoptosis oc-
curred primarily when THC concentrations exceeded 5 uM.
In our studies, immunoregulatory effects on human
monocyte-derived DC were observed at lower THC concen-
trations (0.8-3.2 uM), more akin to peak levels that occur in
the blood of marijuana smokers (Kosel et al. 2002), and had
no effect on cell recovery or surface staining by Annexin-V.
Instead of apoptosis, we observed broad-ranging effects of
THC on the expression of MHC class II and costimulatory
molecules, and the capacity for antigen uptake and IL-12 pro-
duction. Furthermore, DC that had been exposed to THC dur-
ing their in vitro differentiation (THC-DC) were impaired in
their capacity to activate T cells — including both CD4+ and
CD8+ responders. T cell proliferation and the acquisition of a
memory/effector phenotype were both impaired, as was the
release of Thl cytokines. These effects of THC on the capac-
ity for monocyte-derived DC to stimulate T cells are almost
identical to the direct effects of THC on T cell activation (Yuan
et al. 2002; Robinson et al. 2013), suggesting a coordinated
immunoregulatory effect. It is interesting that other immuno-
suppressive factors, including IL-10 and TGF-[3, share this
capacity to act in a coordinated manner on both DC and T
cells (Steinbrink et al. 1997; Rajkovic et al. 2011). As is the
case with IL-10~" knockout mice (Davidson et al. 1996),
CB177/CB2™" double-knockout mice exhibit elevated levels
of activated T cells and respond to antigen challenges by pro-
ducing a higher number of activated effector cells and stronger
IFN-y responses (Karmaus et al. 2011). Collectively, these
findings suggest an intrinsic role for endocannabinoid signal-
ing as a homeostatic regulator of T cell activation.

There are a number of critical features that develop during
the transition from monocytes into DC that enable them to
activate antigen specific T cells (Banchereau et al. 2000;
Lanzavecchia and Sallusto 2000). Among these are high

levels of antigen expression in the context of cell-surface
MHC, the upregulation of adhesion and costimulatory mole-
cules, and the elaboration of immunostimulatory cytokines.
Our studies suggest that cannabinoid receptor activation im-
pacts on all of these. Exposure to THC during the differenti-
ation of monocyte-derived DC impaired antigen uptake and
prevented the normal upregulation of MHC class II. These
findings are consistent with earlier reports by McCoy et al.
(1999), where THC was found to impair the presentation of
whole hen egg lysozyme, which required uptake and process-
ing, but not the presentation of its immunodominant peptides,
which bound directly to existing cell surface MHC. Dendritic
cells that present antigen in the absence of adequate
costimulatory molecules cannot fully activate T cells and
may contribute to the development of T cell anergy
(Banchereau et al. 2000; Lanzavecchia and Sallusto 2000).
The inhibitory effects of THC on the expression of CDA40,
CD86 and other costimulatory molecules likely contributed
to the failure of THC-DC to stimulate T cell proliferation.
Finally, the relative production of IL-10 and IL-12 by DC
plays a central role in their capacity to activate either Thl
(requiring IL-12) or Th2 (dependent upon IL-10) responses.
In our studies, THC-DC produced only limited amounts of IL-
12 but normal levels of IL-10. Lu et al. (2006b) reported a
similar suppressive effect of THC on the expression of MHC
and costimulatory molecules and on production of IL-12 by
mouse bone marrow-derived DC that had been infected with
Legionella pneumophila.

While these findings add to other compelling evidence that
cannabinoids can exert important immunosuppressive effects,
clinical evidence that marijuana smoking significantly impairs
immune function in humans is limited. One explanation may
be that inhaled THC never produces sufficient systemic levels,
or that exposures may not be sustained for a sufficient period
of time. to mediate immunosuppressive effects (Kosel et al.
2002; Desrosiers et al. 2014). Another explanation may be
that the effects are short-lived or counterbalanced by the pres-
ence of other immune regulatory factors. The study of purified
cells in vitro culture does not adequately replicate the complex
environment that occurs during an immune challenge in vivo.
In this study we hypothesized that the processes of DC acti-
vation and cytokine exposure that occur in response to an
infectious challenge might modulate the impact of THC. Ex-
posing DC and THC-DC to heat-killed and fixed SAC for 18—
24 h enhanced their capacity for T cell activation; an effect that
was more pronounced with THC-DC than with control DC.
Adding IL-12 and IL-15 to the DC:T cell co-culture also en-
hanced T cell activation and proliferation, but these effects
occurred equally with control and THC-DC. Furthermore,
these cytokines promoted T cell proliferation and cytokine
production even in the absence of stimulation by DC (data
not shown). However, the addition of IL-7 to DC:T cell co-
cultures had a dramatic effect on T cell proliferation,
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maturation and cytokine production that was restricted in part
to co-cultures containing THC-DC. These studies suggest that
the immunoregulatory effects of THC might be
counterbalanced by the presence of a combination of DC ac-
tivating signals and the production of cytokines by other cell
types present in the local immune environment.

In summary, our experiments demonstrate that human
monocytes express functional cannabinoid receptors, even
if they are not detectable on the cell surface, and that expo-
sure to THC alters their capacity to differentiate into
immunostimulatory DC with prominent effects on antigen
uptake and presentation, expression of costimulatory mol-
ecules, and production of IL-12. The end result is the gen-
eration of DC that fail to stimulate T cell proliferation or
promote maturation into functional effector/memory T
cells. While the effects are relatively potent when studied
in isolation in vitro, there may be a number of immunoreg-
ulatory factors that could counteract or moderate the impact
of cannabinoid exposure in vivo. The functional role that
marijuana smoking has on host immunity and the response
to immune challenges in vivo remains to be clarified.
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