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ABSTRACT OF THE DISSERTATION

Linking Cannabinoid Receptor Type Il (CB>)

Biology to Function

By

Julie Theresa Castaneda
Doctor of Philosophy in Molecular Toxicology
University of California, Los Angeles, 2016

Professor Michael D. Roth, Chair

Cannabinoids, the primary bioactive components in marijuana, bind and signal through
endogenous cannabinoid receptors. MRNA encoding for the cannabinoid receptor type Il (CB>)
predominates in human leukocytes. CB: is a G protein-coupled receptor (GPCR) and traditionally
thought to be expressed on the cell surface. However, as reliable methods for imaging CB> were
lacking, we hypothesized that a monoclonal antibody raised against the N-terminus of CB> could
be combined with conventional and imaging flow cytometry to study CB. protein expression.
Detection was validated using gene-modified cell lines and isotype control antibodies. When

applied to peripheral blood cells, no CB2 was detected on T cells, monocytes, and dendritic cells,



but it was detected on the surface of B cells. However, following membrane permeabilization, a
high concentration of intracellular CB> was detected. When B cells were exposed to cannabinoids,
surface CB: internalized but not in the pattern of pre-existing intracellular CB>. The expression of
GPCRs at different cellular locations can promote functional heterogeneity with respect to
downstream signaling and function. As such, we hypothesized that this differential expression of
CB:2 by leukocytes is likely a highly-regulated event and plays an important role in cannabinoid
function. In order to further assess, we studied the expression on human B cells from different
tissue sources and identified that surface CB2 was present in naive and memory B cells but lacking
on the surface of activated B cells. Furthermore, B cell lymphomas with an activated phenotype
exhibited the same pattern. Naive cord blood B cells were therefore activated in vitro, allowing us
to directly link the acquisition of an activated phenotype to the loss of surface CB». Findings were
confirmed with confocal microscopy and demonstrated a diffuse but punctate intracellular
distribution of CB: that did not overlap with either lysosomal or mitochondrial staining. Our
findings document a novel and dynamic multi-compartment expression pattern for CB: in B cells
that is specifically modulated during B cell activation. The intracellular location of CB> and the
specific role of different receptors on biologic function remains to be determined but will likely be

very informative in understanding cannabinoid biology.
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CHAPTER 1

BACKGROUND



According to the Monitoring the Future Survey [Johnston 2016], sponsored by the National
Institute on Drug Abuse (NIDA), marijuana is the most commonly abused illicit drug in the United
States. As of 2015, ~23% of young adults (age 19-28) responding to this national survey reported
consumption of marijuana in the past 30 days. By comparison, during this same time interval, the
national prevalence for tobacco smoking by young adults was reported at 16%, followed by
amphetamine consumption at 3% and cocaine consumption at 2%. These striking differences in
use are fueled in part by the growing perception that marijuana use is not harmful [Okaneku 2015]
and by the growing number of states that have legalized marijuana for medicinal (4 U.S. states
plus the District of Colombia) and/or recreational use (19 U.S. states) [Wilkinson 2016]. This
setting and the growing interest in medicinal applications of cannabis products makes it essential

that we understand the human biology and toxicology of marijuana.

Marijuana is a term that describes the dry leaves, stems, flowers, and seeds of the Cannabis
sativa plant. It has been prohibited in the United States by federal law since the 1937 Marijuana
Tax Act and the US Drug Enforcement Agency (DEA) has classified it as an illegal schedule |
drug (i.e. classified as having no medical use and a high risk for abuse). Schedule I drugs are
considered the most dangerous class of drugs with potential for severe psychological and
physiological dependence. Other schedule | drugs include heroin, ecstasy, and lysergic acid
diethylamide (LSD). Marijuana can be smoked in hand-rolled cigarettes (joints), in cigars that have
been emptied out of its contents and refilled with marijuana (blunts), through vaporizers to avoid
inhaling smoke, consumed in edibles, or brewed as tea. While the use of marijuana for medicinal,
religious, and recreational purposes dates back 5000 years, the discovery of cannabinoid molecules

and our understanding of how they interact with our endogenous human cannabinoid signaling



system represents a relatively recent area of investigation [Aizpurua-Olaizola 2016, Herring 1998,
Pertwee 2006].

Marijuana is composed of over 400 different compounds, including more than 100 different
cannabinoids [Aizpurua-Olaizola 2016, Greydanus 2013]. Cannabinoids are the primary bioactive
constituents of marijuana and the main psychoactive cannabinoid is delta-9-tetrahydrocannabinol
(THC). The THC content in the average illicit marijuana cigarette is reported by the Potency
Monitoring Project to comprise approximately 12% by weight [EISohly 2014]. Other cannabinoids
also found in the Cannabis sativa plant include cannabidiol (CBD), cannabigerol (CBG), and
cannabinol (CBN), but these are not considered to play a role in the psychoactive effects associated
with marijuana consumption. Upon combustion and smoking, marijuana also liberates an array of
polycyclic aromatic hydrocarbons including the known carcinogens benzo(a)pyrene and
benz(a)anthracene, which are components of the particulate phase of smoke [Roth 2001]. Toxic
substances such as carbon monoxide, hydrogen cyanide, and nitrosamines are also released as part
of the gas phase of marijuana smoke. While all of these released constituents may have biologic
and/or toxic consequences, the focus of this thesis work is on the cannabinoid constituents and

specifically on the biology of the human type 2 cannabinoid receptor.

Endogenous Cannabinoid System

The development of synthetic cannabinoids eventually led to the discovery of a human
endogenous cannabinoid system that is comprised of at least two arachidonic acid-derived
endocannabinoids, 2-arachidonoylglycerol (2-AG) and anandamide (AEA), their biosynthetic and
degradative enzymes, and two cannabinoid receptors, CB1 and CB». [Bisogno 2005, Cabral 2015].

The endocannabinoid system has been found to play a role in immunomodulation, metabolic



regulation, bone growth, pain, cancer, and psychiatric disorders [Aizpurua-Olaizola 2016, Kleyer
2012]. Endocannabinoids are thought to be enzymatically produced and released “on demand”
[Cabral 2015]. They bind and activate seven-transmembrane G protein-coupled receptors
(GPCRs) type | (CB1) and type 11 (CB2) and are linked to intracellular signaling cascades including
adenylyl cyclase, CAMP, mitogen-activated protein (MAP) kinase, and intracellular calcium

[Howlett 2002, Maccarrone 2015].

Cannabinoid receptors, CB1 and CBg, share 44% amino acid homology and bind THC with
relatively equal affinity [Cabral 2015, Shire 1996]. They are expressed in most organ systems, and
their activation by marijuana smoke can have wide-ranging health effects [Grotenhermen 2003,
Volkow 2014, Turcotte 2016]. The CB1 receptor is mostly found in the central nervous system and
mediates the psychoactive components associated with cannabinoids. CB1 has been described to
play arole in memory, pain regulation, stress response, and the regulation of metabolism [Busquets
Garcia 2016, Cabral 2015]. The CB:2 receptor is mostly found in peripheral tissue and mediates the
immune regulating components of cannabinoids. More specifically, the highest concentration of
CB: is found in immune cells in addition to lower concentrations found in bone cells,
keratinocytes, adipocytes, and renal tissue [Basu 2011, Mackie 2006]. The CB: receptor is
suggested to play a role in immunomodulatory mechanisms that regulate inflammation and also

play a role in host defense [Basu 2011, Herring 1998, Turcotte 2016].

Effects of THC on the Human Immune System

Despite the widespread use of marijuana and its increasing legalization across multiple

states in the U.S., there is relatively little information known about the effects of cannabinoids on



human immunity. Cannabinoids have been described to have anti-inflammatory effects on
leukocytes. [Cabral 2015, Roth 2015, VVolkow 2014]. In mouse studies, the CB2 receptor has been
found to play a role in the responsiveness to infectious pathogens and play a role in immune
homeostasis [Newton 1994, Newton 2009]. In human studies, alveolar macrophages from the
lungs of marijuana smokers have been found to be deficient in the production of cytokines, nitric
oxide, and mediation of bacteria killing [Baldwin 1997, Roth 2002, Shay 2003]. Human T cells
activated in the presence of THC have also been found to result in a T helper type 2 (Th2)-skewed

pattern of cytokine production with limited proliferation [Yuan 2002].

With the highest levels of expression on immune cells, the CB; receptor is suggested to
mediate the immune regulating effects of cannabinoids [Cabral 2015, Roth 2015, Volkow 2014,
Turcotte 2016]. In support of this statement, there are several studies done with animal models,
including CB2 knock-out mice [Liu 2009, Turcotte 2016, Ziring 2006]. Although murine CB: and
human CB share 82% amino acid homology of the coding regions, there are significant
differences in non-coding regions of their respective genes, suggesting that some inter-species
differences likely exist with respect to regulation and expression [Liu 2009]. This potential
difference argues that a combination of both animal models and human studies are required to
understand the regulation and function of the CB: receptor with respect to the immune system.
Nonetheless, CB> knock-out mice have been reported to exhibit higher levels of leukocyte
recruitment and an over-production of pro-inflammatory cytokines [Buckley 2008]. While these
mice do not exhibit obvious morphological differences they have also been noted to have
abnormalities in the formation of several T cell and B cell subsets within lymphoid organs, making
the CB:> receptor vital for the formation of T cell and B cells subsets involved in immune

homeostasis [Turcotti 2016, Ziring 2006]. An increase in IgE production and allergic diseases



would be expected in a model that is driven towards Th2 skewing [Agudelo 2008]. Surprisingly,
THC treated CB; knockout mice showed increased levels of IgE serum production, suggesting a
role for CB; receptor in the regulation of IgE [Newton 2012]. Immune suppression was also
observed when THC was administered to tumor-bearing mice, which promoted tumor growth in a
CB»-dependent manner [Zhu 2000]. Translating in vivo and in vitro experiments performed in
animal or cell line models into an understanding of the biology in humans is also challenging
because of the route of consumption, amount of exposure, and the pattern of use in marijuana users
is entirely different, and there are often concurrent exposures of humans to tobacco, alcohol, and

other substances that might affect the immune system in an additional or different manner.

Potential Use of Marijuana as a Therapeutic Agent

The previously described work suggests that cannabinoid receptors may be centrally
involved in immune function, and therefore, the CB, pathway may represent an attractive target
for cannabinoid-based drugs. Cannabinoids have been promoted as a new class of drugs with the
potential for beneficial anti-inflammatory, immunoregulatory, and anti-fibrotic effects [Atwood
2012, Pacher 2011, Turcotti 2016]. CB> agonists have already been shown to reduce inflammation
through the p38-MK2 pathway [Turcotti 2016]. There are currently multiple FDA-approved
cannabinoid based medications. Marinol (Schedule 111 drug) and Cesamet (Schedule 1l drug) have
been prescribed for the treatment of chemotherapy induced nausea and vomiting. Marinol has also
been prescribed as an appetite stimulant and as a treatment for glaucoma by lowering intraocular
pressure. Recently in July of 2016, Syndros™ (scheduling pending), an orally administered liquid
formulation of dronabinol, has also received FDA approval. It has been prescribed to treat

anorexia associated weight loss in AIDS patients and chemotherapy induced nausea and vomiting.



Also, Sativex, a sublingual spray that is composed of equal concentrations of THC and CBD, has
received FDA approval to proceed with phase I11 clinical trials for the treatment of pain in patients
with advanced cancer. It is also prescribed for the treatment of spasticity due to multiple sclerosis.
CBD is of great therapeutic interest since it has been shown to have anti-emetic, anti-inflammatory,
and anti-psychotic effects [Bergamaschi 2011, Cabral 2015, Turcotti 2016]. There have also been
no effects observed on blood pressure, pulse, body temperature, or gastrointestinal and
psychological function [Bergamaschi 2011]. Another cannabinoid formulation that contains only
CBD, Epidiolex, is also undergoing phase Il testing for the treatment of a rare genetic seizure
disorder (Dravet Syndrome). Despite the Schedule | DEA classification assigned to marijuana
(having no medical use and a high risk for abuse), there is obvious evidence that strategies focused
on regulating CB> signaling might represent promising treatments for autoimmune or chronic
inflammatory diseases. Understanding the expression and function of the human CB> receptor may

provide an important key to unlocking further cannabinoid-based drug development.

Understanding CB2 Receptor as a GPCR

The CB2 receptor has traditionally been described as a cell surface GPCR. GPCRs respond
to a wide variety of stimuli and play crucial roles in neurotransmission, cellular metabolism,
secretion, differentiation, growth, inflammation, and immune responses. GPCR activation is
initiated by ligand binding, an event that usually occurs at the cell surface. Ligand binding induces
a conformational change that activates heterotrimeric G-protein signaling and a subsequent
cascade of events leading to internalization of the receptor and linkage with other signaling

pathways [Jean-Alphonse 2011, Syrovatkina 2016].



The CB:> receptor has been reported to exhibit a complex pharmacology (drug interaction
profile), signaling (second messenger pathways) and trafficking pattern [Aizpurua-Olaizola 2016,
Basu 2011, Howlett 2005]. The characterization of THC has led to the synthesis of cannabinoid
analogs classified as synthetic cannabinoids, which are used to study structure-activity
relationships, characterize cannabinoid-mediated bioactivity, and contribute to the understanding
of mechanism of action by which endocannabinoids and phytocannabinoids exert their effects on
the immune system [Cabral 2015]. The development of new ligands that can mimic the protective
effects of cannabinoids has proven particularly difficult due to the constant discovery of multiple
endogenous ligands, targets, and sites of interaction. Further research is needed to understand the
mechanism of action of cannabinoids since the patterns of activation and induction of intracellular

signaling differs with each compound.

As demonstrated in CB; transfected CHO cells, human HL-60, human bronchial epithelial
cells, murine microglial cells, and a murine macrophage cell line, CB; signaling is initiated through
its interaction with heterotrimeric Gi-proteins and the inhibition of adenylyl cyclase [Turcotte
2016]. CB: signaling has been linked to phosphorylation of MAP kinase, phosphorylation of AKT,
modulation of intracellular calcium, and generation of intracellular ceramide [Basu 2011, Brown
2012, Chen 2012, Cudaback 2010, Howlett 2005, Turcotte 2016]. The mechanisms responsible

for this signaling diversity have not been adequately explained.

In studies with other GPCRs, it is often the process of receptor internalization that allows
the receptor to become associated with an array of adaptor and signaling molecules [Calebiro 2010,
Jean-Alphonse 2011]. The finding that CB1 receptor is expressed at intracellular sites and can
mediate signaling adds further support for CB> to play a role in mediating intracellular signaling

[Rozenfeld 2011]. Rab proteins direct receptor trafficking to specific intracellular organelles, and



CB:2 receptors have been suggested to internalize via Rab-mediated endocytosis and initiate
downstream intracellular signaling [Calebiro 2010, Grimsey 2011]. In artificial cell constructs,
CB:2 has been observed to undergo both constitutive and ligand-based internalization and traffic
through endosomal and lysosomal compartments [Atwood 2010, Grimsey 2011, Kleyer 2012].
Blocking internalization or shifting the use of adaptor proteins has been observed to shift
intracellular versus extracellular GPCR distribution [Grimsey 2011]. The dynamic balance
between CB: receptors at the cell surface and at possible intracellular sites might play a vital role
in understanding cannabinoid receptor biology. The availability of cell surface receptors for ligand
interaction can determine the responsiveness of a cell and further induction of intracellular
signaling. Receptor availability for ligand binding is a very important feature in order to understand
drug action and how the CB> receptor can be exploited for therapeutic purposes. There is great
diversity in the trafficking of GPCRs, and it is vital to understand the specific pathways involved

with CBa.

Localization of receptors at the cell membrane has been described to determine signaling
via G protein pathways. Kleyer and associates also describe that the amount of cannabinoid
receptor on the surface can directly determine receptor function. Interestingly, they also describe
that cannabinoid receptors in primary human cells do not only internalize upon agonist interaction.
They describe movement of the receptors between cytoplasm and cell membranes by ligand-
independent trafficking mechanisms, such as triggering by hydrogen peroxide that is present
during inflammation and triggering by nonspecific protein tyrosine phosphatase inhibitors [Kleyer
2012]. They even describe these methods to be responsible for externalization of the cannabinoid
receptor in T cells. A phenomenon that we have never seen before. Previous studies have

demonstrated that intracellular CB1 receptors located in lysosomes and mitochondria are able to



induce intracellular signaling, suggesting that intracellular stores of CB1 receptor are functional
[Kleyer 2012, Rozenfeld 2011]. The impact of intracellular CB> receptor signaling on cell
physiology remains to be determined. Understanding CB: receptor trafficking could help
determine cell-type specific effects of cannabinoids and the regulation of the CB: receptor in

different immune cells.

Role of the CB:2 receptor in B cells

While GPCRs are integral membrane proteins, there has been increasing interest in their
expression and function at sites other than the extracellular membrane [Jean-Alphonse 2011].
Relatively little is known about the expression and distribution of CB> protein in human
leukocytes. CB:> has been traditionally described as a cell membrane GPCR expressed primarily
by B cells while CB2> mRNA has been identified in most leukocytes but with expression levels to
also be the highest in B cells [Carayon 1998, Mackie 2006, Sanchez Lopez 2015]. However,
experimental data supporting the expression of the CB: receptor in human leukocytes has been
limited and sometimes contradictory, mostly due to the lack of reliable tools for detecting CB>
protein in cells of interest. CB> protein detection had been particularly difficult due to non-specific
staining of primary antibodies and use of CB: polyclonal antibodies that can be cross-reactive to
other proteins [Graham 2010]. In contrast to our preliminary findings, Graham and associates have
suggested that CB2 was highly expressed on all PBMC, but they used commercial polyclonal rabbit
or goat antibodies from different companies without any controls. Staining was different for every

manufacturer, from batch to batch, and from subject to subject.

10



Cannabinoids have also been variably described to promote or suppress B cell proliferation
and to bias immunoglobulin (Ig) class switching, suggesting cannabinoids might play a role in B
cell activation, differentiation, and maturation [Agudelo 2008, Basu 2013, Newton 1994, Newton
2009, Ngaotepprutaram 2013]. Previous evidence from mouse studies has also suggested that
exposure to cannabinoids can bias the response toward a Th2 response (immunosuppressive
response) through a mechanism involving CB: receptors [Agudelo 2008, Carayon 1998]. Detailed
studies in CBy-knockout mice revealed deficient B cell subsets in several lymphoid organs
[Buckley 2012, Ziring 2006]. The CB: receptor has also been identified to have chemotactic
effects, and cannabinoids have been described to have a role in B cell trafficking within mouse
lymph nodes [Basu 2011]. The specific role of CB: in the biologic function of B cells, especially

in humans, remains to be studied in detail.

The primary function of B cells is to secrete antibodies and thereby provide the humoral
component of immunity. Additionally, B cells play important roles in presenting antigens and by
secreting cytokines, therefore exerting an influence over the other arms of the immune system
[Hoffman 2016]. However, in their naive state, B cells exhibit limited function and must be
activated by exposure to antigens and co-stimulatory signals. Activation in this manner promotes
the naive B cell to enlarge, clonally expand, differentiate, and eventually undergo isotype
switching, which results in the production of mature antibodies and differentiation into memory or
plasma B cells [Hoffman 2016]. Different antibody isotypes are elicited in response to different
pathogens and directly influenced by the nature of costimulatory signals and the local cytokine
environment [Hoffman 2016]. Isotype switching in human B cells can be induced by CD40L when
combined with IL-21 and modulated by several other cytokines including IL-2, IL-4, IL-10 [Avery

2008, Moens 2014]. The natural process of activation, expansion and differentiation is antigen-

1"



specific and directly enhances the capacity for a host to respond rapidly and effectively to future
immune challenges by that same antigen [Hoffman 2016]. Dysregulated activation and isotype
switching is also important as it can lead to autoimmune disorders or immunodeficiency [Hoffman
2016]. Some B cell activating signals can also promote allergic or suppressive immune reactions
[Hoffman 2016, Taylor 2006]. Employing a mouse model where-in animals were infected with the
legionella pneumophila organism, a number of studies were carried out to study the impact of
cannabinoid exposure (particularly THC) on the host antibody response to this infection [Cabral
2009, Newton 2004]. This approach demonstrated that exposure to THC and to other CB»-specific
ligands during B cell activation is associated with 1g class switching and the generation of allergic
or immunosuppressive responses [Agudelo 2008, Moens 2014, Newton 1994, Newton 2009]. IL-
4 is a potent B cell activating cytokine. In the presence of IL-4, CB> message has been
demonstrated to increase in B cells and to skew isotype switching. Carlisle and associates
described that CB> might be particularly responsive to agonists when in a responsive or activated
state. The immunomodulatory activity of CB2 might be dependent on the activation of the target
as well [Carlisle 2002]. Persidsky and associates found that activation of CB2 blocks monocyte
migration and reduces secretion of pro-inflammatory cytokine, TNF-a [Persidsky 2015]. Further
investigation regarding the effects of cannabinoids and the role of the CB:> receptor on B cell
activation and isotype switching is vital in order to characterize potential mediators in controlling
isotype switching and assuring the appropriate immune response is induced following antigen

exposure.

In conclusion, there are conflicting data regarding the effects of cannabinoids on B cell
function. These conflicting results can be attributed to inconsistencies in studies done with mixed

immune cell populations versus isolated B cells, comparison of naive versus activated cells, and

12



peripheral blood B cells versus tonsillar or splenic B cells. Through the work of this dissertation,
we hope to better understand how CB:> receptor location, the dynamic balance between
extracellular and intracellular receptors, activation, and isotype switching link to the biologic
effects of human leukocytes. We hypothesize that CB: is an immunoregulatory molecule and its
expression may be directly tied to the level and/or type of cell activation. Further research on the
immunotoxic effects of marijuana and its effects on cannabinoid receptor biology are needed in
order to develop a clear understanding of the balance between extracellular and intracellular CB>
receptors and the impact of intracellular location on cannabinoid-mediated signaling. These results
will be of vital interest to the field of cannabinoid receptor biology and directly relevant to
understanding the potential toxic effects of cannabinoids on immune function and how the

cannabinoid/CB: pathway can be exploited for immunotherapeutic purposes.
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CHAPTER 2

INTRODUCTION
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Cannabinoids, the primary bioactive constituents of marijuana, activate CB1 and CB> receptors
and signal through an endogenous cannabinoid system to produce their biologic effects.
Expression of the CB2 receptor predominates in cells from the immune system. However, there is
little information known as to how the CB: receptor influences human immunity and host defense,
the specific location of CB> receptors in human leukocytes, and the impact of cannabinoids on its
distribution. While it is important to understand the immunotoxic effects that might result from
marijuana smoking and exposure to cannabinoids, it is equally important to understand how the
CB:2 receptor might be exploited to control inflammation and regulate adaptive immunity from a

therapeutic perspective.

The CB: receptor has traditionally been described as a cell membrane GPCR expressed
primarily by B cells. However, as reliable methods for imaging the CB> receptor did not exist, we
hypothesized that a monoclonal antibody (mAb) raised against the N-terminus of CB> could be
combined with conventional and imaging flow cytometry to study CB. protein expression.
Previous evidence suggested that T cells, which do not express surface CB,, can mediate the effects
of cannabinoids through intracellular CB: receptor expression. Therefore, this led us to also
hypothesize that intracellular receptors must be able to mediate ligand-induced signaling and
biological consequences. After employing a new approach with conventional and imaging flow
cytometry, we determined that B cells express CB2 on the cell surface and at intracellular locations,
while T cells, monocytes, and dendritic cells only express CB: at intracellular sites. Cell surface
CB2 was responsive to THC by rapidly internalizing when exposed to the ligand. The distribution
of this internalized CB: did not appear to account for the pre-existing distribution of intracellular
CBa2. The reasons as to why CB: is expressed on the cell surface of certain cells and not expressed

on the cell surface in other cells remains unknown. After concluding with these findings, we
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hypothesize the cellular CB> receptor location is a key feature that links location to specific
biologic outcomes, and the expression of CB: at extracellular versus intracellular sites may play

an important function in mediating the biologic and toxic effects of cannabinoids.

The expression of GPCRs at different cellular locations can promote functional heterogeneity
with respect to downstream signaling and function. As such, we hypothesized that this differential
expression of CB: by leukocytes is likely a highly-regulated event and plays an important role in
cannabinoid function. Activation of CB: has been linked to many different signaling pathways and
cellular events [Agudelo 2008, Carayon 1996, Ngaotepprutaram 2013]. By focusing on B cells,
the only leukocyte discovered to express both CB: at the cell surface and at intracellular locations,
we hypothesize that B cell activation plays a key role in CB> expression and in mediating the
biologic function of B cells, such as isotype switching and antibody production. In order to
investigate the impact of B cell activation on CB expression, we have designed an in vitro
activation model where we can induce activation and differentiation in naive mature B cells and
track CB: expression across the different stages of differentiation and maturation. We determined
that cells found to be in an activated state and cells activated in vitro lacked cell surface CB> and
expressed high intracellular CB». This finding allowed us to directly link the acquisition of an
activated phenotype to the loss of surface CB.. The intracellular location of CB: and the specific
role of different receptors on biologic function remains to be determined but will likely be very

informative in understanding cannabinoid biology.

The experiments detailed in this dissertation are the first steps in determining what major factor
controls the distribution of CB> in human leukocytes and how this relates to biologic function.
Ultimately, we hypothesize that CB. receptor expression, location, and trafficking are all critical

features that link cannabinoids to specific signaling and functional consequences on human
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leukocytes. Understanding how these features are linked to immune regulation could lead to the
development of novel therapeutics by targeting specific biologic outcomes, such as apoptosis,
cytokine production, and isotype switching. By the conclusion of these studies, we will have
established a clear understanding of the differential expression patterns of CB, by human B cells

and how it relates biologic function.
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Introduction

CB2 mRNA has been described to be expressed by most leukocytes, with expression levels to
be greatest in B cells, less in monocytes, and low in T cells [Carayon 1998, Mackie 2006].
However, experimental data supporting this in humans has been limited. At the protein level, CB>
has traditionally been described as a cell membrane GPCR expressed primarily by B cells, but our
recent findings challenge this description. Preliminary data from our laboratory suggests there is
no CB: receptor cell surface expression in T cells, but there is previous evidence that states that T
cells have reduced T cell proliferation, activation, and cytokine production when exposed to THC
[Cabral 2015, Roth 2002, Volkow 2014]. These findings led us to hypothesize that CB> receptors
must be present at intracellular locations, and these receptors must be capable of mediating ligand-

induced signaling and biologic function.

The distribution of the CB: receptor in human leukocytes and the reason as to why extracellular
CB:2 is not expressed in T cells is not known. It is not clear whether a difference in distribution of
CB: represents variable rates of internalization and recycling or whether cell-specific differences
related to activation and maturation result in these differential expression patterns. It is also not
clear what role these CB: expression patterns have in mediating the biologic and toxic effects of
cannabinoids on immune function. We hypothesize that the presence of CB; at different cellular
locations is an important feature that promotes functional heterogeneity with respect to

downstream signaling and biologic responses.

At this point in cannabinoid receptor biology, relatively little is known about the expression
and distribution of CB> protein. No one has been able to characterize CB; at a different locations
of the cell other than the cell surface. If CB> does exist at different locations, there is currently no

evidence as to whether these receptors are functional or not. This gap in the field was mostly due
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to a lack of a set of reliable tools to measure cannabinoid receptor expression at the cell surface
and at intracellular locations. There was also conflicting published results regarding cell surface
receptor expression, which lacked reliable controls. In addition, these conflicting data result from
the comparison of naive versus activated cells, use of polyclonal versus monoclonal antibodies,
and animal versus human CB.. In chapter 3, we describe in Castaneda et al. and Roth et al. how
we have designed a novel cellular and molecular approach to investigate the expression, cellular
distribution, and trafficking of the CB2 receptor in primary human cells in order to develop a better

understanding of how these features impact cannabinoid-mediated signaling and biologic function.

Interestingly, Kaplan and associates describe that there is also evidence that the CB; receptor,
despite its predominant presence in the central nervous system, can mediate many immune system
effects, including direct modulation of immune function by endogenous and exogenous
cannabinoids in T cells and innate cells [Kaplan 2013]. With this novel flow cytometry approach,
we have also proven that this innovative detection method has the same capability of detecting
CB: in human leukocytes in a reliable and specific manner. With the new assay created in
Castaneda et al. and further described in Roth et al., we strive to measure the distribution of cell
surface and intracellular CB> receptor expression in human immune leukocytes in order to further
understand the role of the CB2 receptor in human immunity for the possible development of future

therapeutics.
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Abstract mRNA encoding for the CB, cannabinoid recep-
tor is expressed by many subsets of human peripheral blood
leukocytes (PBL), but little is known about the resulting
protein expression and function. Employing clones from the
A549 and 293T cell lines that were constructed to express
both full-length human CB, and GFP, we developed a flow
cytometry assay for characterizing CB, protein expression.
A monoclonal antibody directed against human CB, selec-
tively stained the surface of transduced but not parental cell
lines. When cells were fixed and permeabilized, imaging
flow cytometry identified large stores of intracellular pro-
tein. Total cellular staining for CB, corresponded closely
with the level of GFP expression. When exposed to A°-
tetrahydrocannabinol, CB,-expressing cells internalized cell
surface CB, receptors in a time- and dose-dependent man-
ner. Applying these approaches to human PBL, CB, protein
was identified on the surface of human B cells but not on T
cells or monocytes. In contrast, when PBL were fixed and
permeabilized, intracellular CB, expression was readily
detected in all three subsets by both conventional and im-
aging flow cytometry. Similar to the protein expression
pattern observed in fixed and permeabilized PBL, purified
B cells, T cells, and monocytes expressed relatively equal
levels of CB, mRNA by quantitative real-time RT-PCR. Our
findings confirm that human PBL express CB, protein but
that its distribution is predominantly intracellular with only
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B cells expressing CB, protein at the extracellular mem-
brane. The differential role of intracellular and extracellular
CB, receptors in mediating ligand signaling and immune
function remains to be determined.
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Introduction

While the use of Cannabis (marijuana) for medicinal, reli-
gious, and recreational purposes dates back 5,000 years, the
identification of cannabinoids and the discovery of an en-
dogenous cannabinoid ligand and receptor signaling path-
way in human cells represents a relatively recent discovery
(Mechoulam 1986; Pertwee 2006). Cannabinoid receptor
subtype 1 (CB)) is highly expressed in the brain and well
known for mediating the psychoactive effects of marijuana,
while the highest expression of mRNA encoding for canna-
binoid receptor subtype 2 (CB,) exists in peripheral tissues
and particularly within cells of the immune system (Basu
and Dittel 2011; Bouaboula et al. 1993; Gali¢gue et al.
1995; Munro et al. 1993). Both receptors are membrane-
associated G-protein coupled receptors (GPCR) and bind
A’-tetrahydrocannabinol (THC) with relatively equal affinity
(Munro et al. 1993; Shire et al. 1996). However, a number of
other ligands have been identified, which express high selec-
tivity for CB, (Pertwee 2006). Using these reagents, it
has been shown that activation of CB, receptor can regulate
both innate and adaptive immunity including the ability to
suppress anti-cancer responses (McKallip et al. 2005; Zhu et
al. 2000) and host defenses against pneumonia (Klein et al.
2000; Newton et al. 2009; Shay et al. 2003), promote
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apoptosis of antigen presenting cells and T cells (Do et al.
2004; McKallip et al. 2002), alter cytokine production and
antibody isotype switching (Agudelo et al. 2008; Cencioni et
al. 2010; Srivastava et al. 1998; Yuan et al. 2002), modulate the
infectivity and replication of HIV virus (Gorantla et al. 2010;
Roth et al. 2005), regulate the inflammatory aspects of athero-
sclerosis (Mach and Steffens 2008), and play a role in several
autoimmune diseases (Malfait et al. 2000; Sipe et al. 2005).
This body of work has lead to considerable interest in under-
standing the role that endogenous cannabinoids have in the
immune system and in developing CB,-selective therapies
(Klein 2005; Mackie 2006). However, the direct examination
of CB, protein on human cells has been limited by an inability
to reliably detect and quantitate receptor protein. While mRNA
profiles have suggested that there is differential expression of
CB; by B cells, T cells, and other leukocyte subsets, there have
been very few studies evaluating differences in protein expres-
sion or cellular distribution. The current research focuses on
the development and validation of a flow cytometry approach
for measuring and tracking CB, receptor protein in human
cells. The findings provide a flexible method for receptor study
in primary cells and new insights regarding the differential
expression of CB, receptors at intracellular versus extracellular
locations in human B cells, T cells, and monocytes.

Methods
Primary cells and cell lines

Following informed consent, peripheral blood leukocytes
(PBL) were isolated by Ficoll-gradient centrifugation from
the blood of healthy human donors. Cell subsets were iden-
tified by flow cytometry using fluorescent-labeled monoclo-
nal antibodies (mAb) directed against B cells (anti-CD20,
BD Biosciences, San Jose, CA), T cell subsets (anti-CD3,
Invitrogen, Camarillo, CA or in combination with anti-CD4
or anti-CD8, BD Biosciences), and monocytes (anti-CD13,
Invitrogen). Purified subsets were prepared from primary
PBL using lineage-specific mAb and magnetic nanopar-
ticles (StemCell Technologies, B.C., Canada). Purities for
each subset were confirmed by flow cytometry.

The human embryonic kidney cell line 293T and lung
cancer epithelial cell line A549 (ATCC, Manassas, VA) were
maintained in culture as adherent monolayers in complete
medium composed of DMEM or RPMI-1640, respectively
(Cellgro, Manassas, VA), supplemented with 10 % fetal bo-
vine serum (Omega Scientific, Tarzana, CA) and antibiotics.
The 293T/CB,-GFP and A549/CB,-GFP cell lines were con-
structed by transducing the corresponding parental lines with a
self-inactivating lentivirus expressing full-length human CB,
receptor cDNA and green fluorescent protein (GFP) as previ-
ously described (Sarafian et al. 2008). Expression of CB, was
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regulated by a hCMV promoter with the expression of GFP
linked through an internal ribosomal entry site. Transduced
cells were sorted by flow cytometry (FACSVantage SE cell
sorter, Becton Dickinson, San Jose, CA) for GFP-expressing
clones, and aliquots of the expanded cell lines were cryopre-
served for subsequent use.

A°-tetrahydrocannabinol (THC)

A 50 mg/ml stock of THC in ethanol was obtained from the
National Institute on Drug Abuse (Bethesda, MD) and imme-
diately prior to use was diluted serially in DMSO and culture
medium to produce a final ethanol concentration in assays of
0.01 % (v/v) and DMSO concentration at <0.25 % (v/v).
Diluent controls were prepared using the same dilution strate-
gies with ethanol and DMSO that did not contain THC.

Detection of extracellular CB, receptor

Adherent cell lines were treated with 0.1 % trypsin (Cellgro)
for 1 min, quenched with 10 % fetal bovine serum, and then
washed with phosphate-buffered saline (PBS) containing
0.2 mg/ml EDTA (Invitrogen, Carlsbad, CA) to produce a
single cell suspension. Extracellular CB, was detected by
pre-treating with 50 pl human AB Serum (Omega Scientific)
for 1 min followed by a 30 min incubation on ice with
unlabeled primary mouse IgG, mAb directed against either
human CB, (clone #352114, 0.5 ug/tube, R&D System,
Minneapolis, MN) or isotype-matched mAbs against an irrel-
evant antigen, mouse NK1.1 (clone #PK136, 0.5 pg/tube, BD
Biosciences) or mouse Thyl.2 (clone #30-H12, 0.5 pg/tube,
BD Biosciences). After washing twice with PBS/2 % AB
serum, cells were incubated with an APC-labeled goat anti-
mouse F(ab’), mAb (APC-labeled GAM, 0.5 pg/tube,
Invitrogen) for 30 min on ice. To identify different PBL sub-
sets, cells were incubated with lineage-specific fluorescent-
labeled mAb for 20 min and washed. All cells were then fixed
and incubated with 1 % paraformaldehyde for 20 min at 4 °C
and washed. The cells were covered to protect from light and
stored at 4 °C until analyzed.

Detection of total cellular CB, expression

In order to detect intracellular CB, receptor, single cell sus-
pensions of either PBL or indicated cell lines were fixed with
1 % paraformaldehyde (Sigma Aldrich, St. Louis, MO) and
treated with permeabilizing solution (BD Biosciences). Cells
were washed once with PBS/2 % AB serum, resuspended in
permeabilizing solution, and blocked with 50 pl human AB
serum. Staining with primary unlabeled mAb (against CB,,
NKI.1, or Thyl.2) and secondary APC-labeled GAM were
carried out as detailed in the extracellular staining protocol
except that incubation times were prolonged to 60 min on ice.
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After washing, PBL were further stained with fluorescent-
labeled antibodies directed against lineage-specific markers
and then fixed again with 1 % paraformaldehyde prior to
storage and analysis.

Conventional and imaging flow cytometry

Conventional multiparameter flow cytometry was carried out
using a FACScan II-plus cytometer (BD Biosciences) with the
acquisition of 5,000-30,000 events depending upon the assay
conditions. Analysis of acquired data was performed using
FCS Express V3 software (De Novo Software, Los Angeles,
CA). Flow cytometry results are presented as histograms or
two-parameter dot plots with indicated values representing the
mean linear fluorescence intensity (MFI) of the gated
population. Fluorescent images were acquired using an
ImageStreamX® cytometer (Amnis Corporation, EMD
Millipore, Seattle, WA) capable of simultaneously acquiring
high resolution digital images at up to 60X magnification, in
each of 12 channels, as cells pass through the cytometer’s
detection chamber. Analysis was performed using IDEAS
Software (Amnis Corporation) in which image display char-
acteristics were first optimized for background and range of
fluorescent intensity and then applied equally to all image
within an analysis set. Gates were set to display representative
cell images expressing the mean fluorescent intensity for each
analysis channel. Internalization scores were derived using an
eroded-pixel mask generated from the bright field image to
determine the ratio of intracellular to extracellular signal for
each marker of each cell.

CB, receptor internalization assay

Single cell suspensions of 293T/CB,-GFP cells were sus-
pended in X-VIVO media (Lonza, Walkersville, MD) and
after incubating with THC or diluents alone under different
conditions (of concentration and time), the reactions were
quenched with ice-cold PBS. Cells were then stained to
determine the residual expression of extracellular CB, as
already described. Alternatively, the trafficking of fluorescent-
labeled extracellular CB, was assessed using the imaging
cytometer. 293T/CB,-GFP cells were first stained with anti-
CB, mAb and APC-labeled GAM, washed to remove excess
antibodies, and then antibody-stained cells were incubated
with either diluent alone or 8 uM THC at 37 °C for 40 min.
At the completion of the incubation period, cells were fixed
with 1 % paraformaldehyde and 3,000-5,000 cell events of
interest acquired using the ImageStreamX® cytometer.

Quantitative real-time RT-PCR

¢cDNA was prepared directly from 2x10° whole PBL or
purified B cell, T cell, and monocyte subsets using a
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FastLane ¢cDNA kit (QIAGEN, Valencia, CA). qRT-PCR
analysis was performed in batch with three replicates/sample
using a StepOne real-time PCR system (Applied Biosystems,
Foster City, CA) and labeled probes for CB, and a housekeep-
ing gene, GAPDH (both from Applied Biosystems). Relative
expression of CB, mRNA was corrected for GAPDH and
represented as the average 1/A-CT values obtained from
triplicate wells.

Statistics

Individual conditions were assayed in triplicate within an
experiment and a minimum of three replicate experiments
carried out for each assay. Flow cytometry histograms and
dot-plots display results from a single representative tube of
a single experiment. All other data are presented as means of
replicate tubes or experiments as detailed. The difference
between means was determined using a Student’s #-test with
a p<0.05 accepted as statistically significant.

Results

Anti-CB, mAb detects cell membrane expression of CB,
receptor

The A549 and 293T cell lines and their transduced clones
expressing human CB, and GFP were used to optimize a
flow cytometry assay for measuring cell surface CB,.
Isotype-matched mAbs directed against irrelevant antigens
(mouse NK1.1 and Thyl.2) were also employed to assess
background staining and specificity. As demonstrated by
results from a representative flow cytometry experiment in
Fig. 1, no CB,-specific staining was observed when A549
cells (or 293T cells, data not shown) were stained with anti-
CB, mAb. However, there was a clear fluorescent signal
when anti-CB, mAb was used to stain the surface of A549/
CB,-GFP cells (MFI=29.6+2.1 for CB, vs 5.6+£2.5 for
NK1.1, p<0.05, averaged results from 3 experiments) and
a much brighter signal when used to stain 293T/CB,-GFP
cells (MFI=871.2+19.2 for CB, vs 7.1£0.9 for NK1.1, p<
0.05, averaged results from 3 experiments). Assessing GFP
expression as an independent measure of transgene expres-
sion by these two cell lines confirmed the relatively low
expression by A549/CB,-GFP cells and the much higher
expression by 293T/CB,-GFP cells.

Cell permeabilization exposes intracellular CB, protein
While GPCR are integral membrane proteins, there has been
increasing interest in their expression and function at sites

other than the extracellular membrane (Jean-Alphonse and
Hanyaloglu 2011). Cells were therefore probed for the
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Fig. 1 Anti-CB, mAb detects
cell membrane expression of

A. A549

A549/CB2-GFP 293T/CB2-GFP

CB; receptor. Parental cell lines
(A549 and 293T; data shown
only for A549) and stable
clones expressing both CB, and
GFP (A549/CB,-GFP and
293T/CB,-GFP) were
incubated with a primary
unlabeled mAb against CB,
protein or an isotype-matched
irrelevant target (anti-mouse
NK1.1 or Thyl.2) and then
stained with APC-labeled
GAM. Representative experi-
ment shown, n=3. (a) Cells
were analyzed by flow cytome-

B. Ab549

Specific Antibody Staining

1958

—
—-—

A549/CB,-GFP 293T/CB2-GFP

try for APC fluorescence and
mean fluorescent intensities
(MFI) for CB,-stained cells in-
dicated for each condition.
Black fill=unstained cells;
white fill=isotype controls;
shaded fill=CB, stained. (b)
Corresponding GFP expression
with net MFI values shown

GFP Expression

expression of intracellular CB, protein by adding fixation
and permeabilization steps to our standard flow cytometry
protocol (Fig. 2). While surface staining of viable 293T/
CB,-GFP cells revealed high levels of CB, expression, there
was a 50 to 60 % drop in fluorescent intensity when cells

A.Extracellular

FSC ——> GFP  CB; Merge

NK1.1 —————>

T v s

FSC ———=> BF GFP NK1.1 Merge

Fig. 2 Cell permeabilization exposes intracellular CB, protein. For
each condition, a representative dot-plot from conventional flow
cytometry is shown (MFI indicated) followed by image sets obtained
from two representative cells captured by imaging flow cytometry.
Images were selected from cells expressing the mean GFP expression
and mean CB, or NK1.1 expression, respectively. Bright field (BF),
GFP fluorescence, APC fluorescence, and merged fluorescence images

are shown. (a) For assessing extracellular CB, protein, viable 293T/
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were stained after fixation and permeabilization suggesting
an impact of the fixation process on antigen-antibody bind-
ing affinity. As a result, fluorescent intensity values could
not be used to directly compare the levels of extracellular to
intracellular protein. Imaging flow cytometry was therefore

B.Permeabilized

439

CB; Merge

FSC —>  BF  GFP

NK1.1

Merge

CB,-GFP cells were incubated at 4 °C for 30 min with 0.25 pg of CB,
mAD (top panel) or 0.25 pg of an isotype control mAb, NK1.1 (bottom
panel), washed, and then incubated with APC-labeled GAM for detec-
tion. (b) For assessing total cellular CB, expression, 293T/CB,-GFP
cells were fixed and permeabilized prior to staining at 4 °C for 60 min
with 0.5 pg of CB, mAbD (top panel) or 0.5 pg of an isotype control,
NKI.1 (bottom panel) followed by detection with APC-labeled GAM
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employed to localize antibody binding sites. As demonstrated
in Fig. 2a, imaging of 293T/CB,-GFP cells that were stained
with anti-CB, mAb using the extracellular protocol revealed
an intense rim of fluorescence associated with the extracellular
membrane. However, when the same cells were stained fol-
lowing fixation and permeabilization, an entirely different
CB, expression pattern emerged (Fig. 2b). Rather than an
intense rim of membrane fluorescence, the majority of the
CB, signal was associated with the cytoplasmic compartment.

CB; receptor internalization and trafficking following
exposure to THC

In order to assess trafficking between extracellular and
intracellular CB, receptors, we employed two complementary
approaches to assess for ligand-induced receptor internaliza-
tion. Using the 293T/CB,-GFP cell line as a model, we
assessed changes in expression of extracellular CB, in re-
sponse to treatment with THC. Incubating cells with a 4 uM
concentration of THC for up to 80 min at 37 °C was associated
with a time-dependent decrease in cell surface CB, expression
(Fig. 3a). Similarly, exposing cells for 40 min (at 37 °C) to

>

% of Baseline MFI

% of Baseline MFI

increasing concentrations of THC from 0 to 8 M resulted in a
concentration-dependent decrease in surface staining by anti-
CB, mAb (Fig. 3b). THC-dependent changes did not occur
when cells were maintained at 4 °C (data not shown) confirm-
ing an energy-dependent process.

In a second approach, imaging flow cytometry was used to
assess the impact of THC exposure on receptor location
(Fig. 3c). Viable 293T/CB,-GFP cells were stained with anti-
CB, mAb and secondary APC-labeled GAM and then incubat-
ed at 37 °C with either 8 uM THC or diluent alone for 40 min.
While conventional flow cytometry demonstrated no change in
overall fluorescent signal (data not shown), fluorescent imaging
demonstrated trafficking and coalescence of the fluorescent
signal within the cytoplasm in response to THC. Cells labeled
with anti-CB, mAb and incubated at 37 °C, in the absence of
THC, did show evidence of antibody-induced capping and
early vacuolization, but extensive trafficking and coalescence
of the CB, label within the cytoplasm occurred only in the
presence of THC. This visual assessment was confirmed by
using quantitative measurement of the intracellular to extracel-
lular fluorescent ratios for the two conditions, which demon-
strated a significant intracellular shift in response to THC.

Diluent

32

THC (uM)

Fig. 3 CB, receptor internalization and trafficking following exposure
to THC. Viable 293T/CB,-GFP cells were incubated in X-VIVO media
at 37 °C with (a) 4 uM THC for different time intervals or (b) with
increasing concentrations of THC (0-8 puM) for 40 min. After the
defined incubations, reactions were quenched with excess ice-cold
PBS, cells incubated with 0.25 pg of CB, or NK1.1 mAb for 30 min
on ice, and then stained with APC-labeled GAM for detection. Data for
both assays are expressed as the percentage of baseline expression
(MFI), which was obtained from cells maintained at 4 °C with expo-
sure to diluent alone throughout the entire assay. Graphs display the
mean (+ SE) for three independent experiments, each performed in

32

GFP CB:> Merge

triplicate. ¢ Imaging flow cytometry was also employed to assess CB,
receptor internalization. Cells were first incubated at 4 °C with CB, or
NKI1.1 mAb, followed by APC-labeled GAM for detection, and then
exposed to either diluent control (top panel) or 8 uM THC (bottom
panel) for 40 min at 37 °C. Reactions were then quenched with excess
cold PBS, cells fixed, and analyzed within 48 h by imaging flow
cytometry. Image sets were obtained from two representative cells
expressing the mean levels of GFP and CB, expression. Bright field
(BF), GFP fluorescence, APC fluorescence, and merged fluorescence
images are shown
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Distribution of CB, expression in peripheral blood
leukocytes (PBL)

Having validated the capacity for flow cytometry to assess cell
surface and total cellular CB, expression in cell lines, we
assessed whether this approach could detect CB, expression
in primary human PBL. Blood samples were obtained from
healthy non-smoking subjects in order to avoid any impact of
exogenous THC exposure on receptor expression. As demon-
strated in Fig. 4a, cell surface staining with the anti-CB, mAb
was only observed in B cells. There was no difference
in fluorescence staining between the anti-NK1.1 and
anti-CB, mAb when T cells (including both the CD4
and CDS8 subsets; data not shown) and monocytes were
examined.

However, the CB, expression pattern was entirely different
after fixation and permeabilization (Fig. 4b). In addition to B
cells, a fluorescent signal for CB, was detected in all T cells
and monocytes. In contrast to studies with 293T/CB,-GFP
cells where fixation and permeabilization was associated with
a decrease in the MFI for CB, staining, there was a marked
increase in CB, fluorescent intensity when B cells were stained
after fixation and permeabilization. This finding would suggest
that a much higher percentage of CB, protein is expressed in
the cytoplasm of B cells as compared to expression on the cell
surface. Furthermore, while T cells failed to exhibit any CB,
expression on their cell surface, they exhibited high levels of
intracellular fluorescence. Intracellular staining of monocytes
was also consistently positive for cytoplasmic CB, protein, and
there were no consistent differences in the level of expression
between B cells, T cells, and monocytes. The fluorescent
staining intensity exhibited by these different subsets, broken

Fig. 4 Distribution of CB,
expression in peripheral blood

A.Extracellular

Table 1 Expression of CB, by human PBL subsets

Extracellular Permeabilized

CB,* NKI.1 CB, NKI.1
B cells® 46.5+6.17 39404  91.0+152%7"  24+1.1
T cells 42+0.6 41405 80.4+18.7%""  23%13
Monocytes 5.9+0.5 55405  682+1437" 4824

# Human PBL were stained for cell membrane expression (extracellular
protocol) or total cellular expression (permeabilized protocol) with
either unlabeled anti-CB, or anti-NK1.1 mAbs, followed by detection
with fluorescent-labeled goat anti-mouse F(ab’),, and analyzed by flow
cytometry. Results reported as MFI+SE, n=4 paired experiments

® Lineage-specific markers were used to identify B cells (CD20+), T
cells (CD3+), and monocytes (CD13+ and/or CD14+)

* p<0.05 comparing CB, expression to NK1.1 expression

** p<0.05 comparing CB, expression detected by the extracellular
versus permeabilized staining protocols

down into cell surface staining and total cellular staining, are
summarized in Table 1. Visual confirmation of antibody bind-
ing location was obtained using the ImageStreamX® imaging
cytometer (Fig. 5). As in our cell lines, intracellular staining
revealed diffuse cytoplasmic staining in B cells, T cells, and
monocytes. There was no fluorescent signal when cells were
stained with anti-NK1.1 mAb.

As had been observed when cells from the 293T/CB,-
GFP line were exposed to THC, the extracellular expression
of CB, by CD20+ B cells was also down-regulated when
PBMC were exposed to THC in the range of 0.5 to 2.0 uM
(results not shown). No change was observed for monocytes
or T cells, which did not demonstrate extracellular CB2
staining under any conditions.

B. Permeabilized

leukocytes (PBL). PBL were
purified by density gradient

centrifugation, washed, and then J Gl o
stained while still viable for (a)

NK1.1

detection of extracellular CB, o
+or (b) following fixation and O Lt

©
N
NK1.1 ———=>

CB:

permeabilization for detection of

CDZO—L"

total cellular CB, expression as
previously described in Fig. 2,

followed by counterstaining with 3
lineage-specific fluorescent- 3]
conjugated antibodies for detec-

tion of CD20+ B cells (top),
CD3+ T cells (middle), and

CB;
[o2)

NK1.1 ———>

NK1.1 ——=>

CD13+ monocytes (bottom). CD3

MFI values for each population

are listed. Representative experi-
ment is shown, n=4 3

NK1.1 ———=>

NK1.1 ——=>
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Fig. 5 Fluorescent imaging
confirms differential staining
pattern in human PBL subsets.
a Viable or (b) fixed and
permeabilized human PBL that
had been stained as detailed in
Fig. 4 were fixed with 1 %
paraformaldehyde and analyzed
by imaging flow cytometry
within 48 h. Gating was used to
select for CD20+ B cells (top
panels), CD3+ T cells (middle
panels), and CD13+ monocytes
(bottom panels) with image sets
shown from two representative
cells captured by imaging flow
cytometry. Images were
selected from cells expressing
the mean GFP and mean CB,
expression for each gated
population. Bright field (BF),
GFP fluorescence, APC fluo-
rescence, and merged fluores-
cence images are shown

A. Extracellular
B cells

BF Lineage

Quantitative real-time RT-PCR confirms the expression
of CB, mRNA which correlates with total cellular CB,
protein levels

Expression of CB, protein by flow cytometry was correlated
with mRNA expression using a quantitative real-time RT-
PCR assay. Labeled probes for CB, and a housekeeping
gene, GAPDH, were quantitated simultaneously in the same
well, allowing the relative level of CB, expression to be
described by the relative differences in cycle times (1/A-
CT). Immunomagnetic selection was used to isolate B cell,
T cell, and monocyte subsets with purity confirmed by flow
cytometry at an average of 83.2+5.3 % for B cells, 96.5+
3.5 % for T cells, and 94.5+2.4 % for monocytes (Fig. 6a—b,
n=4 separations). Similar to the results for total cellular CB,
expression, all of these subsets expressed similar levels of
CB, mRNA with no statistically-significant difference noted
between groups (Fig. 6¢).

Discussion
The CB, gene was cloned from a human leukemia cell line in

1993 and found to encode for a GPCR that bound cannabi-
noids with high affinity, but unlike CB,, it was expressed

CB:2

34

B. Permeabilized
B cells

Monocytes

Merge BF Lineage CBz; Merge

primarily in lymphoid organs by lymphocytes, monocytes,
and polymorphonuclear cells (Bouaboula et al. 1993;
Galic¢gue et al. 1995; Munro et al. 1993; Schatz et al. 1997).
The functional consequences of cannabinoids on immunity
have turned out to be extensive with the capacity to regulate
chemotaxis, phagocytosis, bacterial killing, antigen processing
and presentation, T cell activation and cytokine production,
and B cell differentiation and isotype switching (Basu and
Dittel 2011; Klein 2005; Klein and Cabral 2006). This has
led to considerable interest in developing therapeutic drugs
based on their interaction with CB, receptor (Guindon and
Hohmann 2008; Klein 2005; Mackie 2006). However, there is
relatively little information regarding the expression and dis-
tribution of CB, protein on target cells. In this study, we
constructed cell lines expressing different levels of human
CB, and used a commercial anti-CB, mAb to develop a
sensitive and specific flow cytometry assay for detecting CB,
protein. This mAb was developed using gene-modified cells
expressing full length human CB, as the immunogen. It readily
detects CB, expressed on the cell membrane, and in our hands,
cell staining was not blocked by pre-incubation with a 50-mer
N-terminal peptide (results not shown), suggesting that it may
be directed against one of the extracellular loops of the GPCR
structure. With its high throughput and the capacity for multi-
plexing, this assay should provide an important tool for
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A.PBL B.Subsets

SsC
CD3

cD3 —>
CcD3 ——>

; . 95.0%

CD3 ———>
cb3 ——>

CD13 ——=>

o
»

1/A-CT for CB;
o
F-Y

o
(N}
.

D.

PBL

Beell Tcell Mono

Fig. 6 CB, mRNA levels from purified human B cells, T cells, and
monocytes. a Human PBL isolated by density gradient centrifugation
and analyzed with lineage-specific markers to identify the B cell, T
cell, and monocyte subsets, and their respective percentages within the
entire PBL sample. b Each subset was then individually purified by
immunomagnetic depletion with the final purity determined by flow
cytometry using lineage-specific makers. Dot plots are from a repre-
sentative experiment with the average purity from 5 different isolations
being 83.2+5.3 % for B cells, 96.5+3.5 % for T cells, and 94.5+£2.4 %
for monocytes. ¢ cDNA was prepared from 2x 10 PBL or the purified
subsets using a FastLane cDNA kit and quantitative real-time RT-PCR
for all cells isolated from a single donor carried out in triplicate using
labeled probes for CB, and GAPDH. Relative expression of CB,
between groups is displayed as 1/A-CT representing average data from
triplicate determinations for 3 different normal donors. No significant
differences were identified between groups

probing CB, receptor status in cells of interest. More impor-
tantly, with the addition of cell permeabilization and imaging
flow cytometry, our findings challenge the longstanding notion
that CB, functions primarily as a cell surface receptor (Basu
and Dittel 2011; Dainese et al. 2010). GPCR have the capacity
to traffic between different cell compartments where they can
interact with different adaptor proteins and signaling pathways
(Jean-Alphonse and Hanyaloglu 2011). When examining pri-
mary human B cells, our studies identified CB, protein at both
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extracellular and intracellular locations. However, while B
cells, T cells, and monocytes expressed similar levels of CB,
mRNA, CB, protein expression was restricted entirely to
intracellular sites in T cells and monocytes. In an analogous
manner, a number of research groups have recently described a
primary intracellular distribution of CB; protein within differ-
ent sets of neurons (Rozenfeld 2011). Cannabinoids are highly
lipophilic molecules, and it has been shown that both extracel-
lular and intracellular CB; receptors can mediate signaling and
biologic responses when exposed to ligands (Brailoiu et al.
2011; Rozenfeld 2011; Thomas et al. 1990). Others have also
recently begun to evaluate CB, receptor internalization and
trafficking (Atwood et al. 2012; Grimsey et al. 2011). Using
gene-modified cell lines and epitope-tagged CB, molecules, a
complex relationship between CB, ligand exposure, receptor
internalization, and cell signaling has been reported (Atwood et
al. 2012). In this setting, our results suggest a similar paradigm
for the expression of native human CB, by PBL and make it
likely that the differential expression of CB, at extracellular
and intracellular sites plays an important role in the immune
responses to cannabinoids. This differential expression of CB,
may also be linked to the variety of signaling pathways that
have been associated with CB, activation (Howlett 2005).
While others have used flow cytometry to evaluate CB,
receptor expression on cells (Carayon et al. 1998; Cencioni et
al. 2010; Graham et al. 2010), there are several features which
distinguish our assay from past studies with human PBL.
Carayon and associates (Carayon et al. 1998) generated and
purified polyclonal rabbit anti-CB, antibody directed against
the C-terminal (intracellular tail portion) of human CB,. As
fixation and permeabilization were required for antigen detec-
tion, their approach precluded a comparison between extracel-
lular and intracellular staining. A fluorescent signal was
detected from stained B cells and was inhibited by excess
peptide, but the findings were much less convincing with
respect to the staining of other cell types. More recently,
Graham and coworkers (Graham et al. 2010) evaluated poly-
clonal antibodies from several commercial manufacturers and
reported that human B cells, T cells, monocytes, NK cells, and
polymorphonuclear cells all express high levels of extracellular
CB,. However, the staining patterns in their report were highly-
variable from manufacturer to manufacturer and from batch to
batch. Furthermore, in the absence of appropriate control anti-
bodies or the inclusion of known positive and negative con-
trols, one cannot really draw conclusions about sensitivity and
specificity. Based on these concerns we focused on a defined
mAD with the ability to detect extracellular CB, expression. In
order to optimize and validate staining patterns, we constructed
cell lines expressing defined levels of human CB, (A549/CB,-
GFP and 293T/CB,-GFP) and compared staining patterns to
those observed with parental cells (A549 and 293T). During
the optimization process, it was obvious that non-specific
background staining could easily be mistaken for receptor
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expression if antibodies were not carefully titrated and appro-
priate isotype controls employed. By including the expression
of a linked GFP reporter gene in our vector construct, we also
possessed a mechanism for independently assessing expected
CB, staining patterns. Perhaps the most important technical
advancement was the inclusion of both intracellular and extra-
cellular staining protocols. In this respect, our studies were also
aided by the use of an ImageStreamX® cytometer. Due to the
impact of fixation and permeabilization on antibody staining,
we could not use MFI to directly compare extracellular and
intracellular protein levels by conventional flow cytometry.
However, visual inspection of captured images readily identi-
fied the cytoplasmic compartment as the primary source of our
CB; signal. Imaging also allowed us to independently confirm
the process of receptor internalization in response to ligand
exposure. Given the controls and approaches employed, there
should be little doubt regarding the performance characteristics
of this flow cytometry approach.

In summary, we describe a rapid and flexible approach
for detecting and localizing human CB, protein expression
in cell lines and primary human cells. This approach uses
commercially available reagents and should have wide ap-
plicability. In addition, for the first time, we report that CB,
receptor is primarily located at intracellular sites in PBL and
that expression is not limited to the cell membrane as pre-
viously thought. Even in B cells, which express both extra-
cellular and intracellular CB,, the majority of receptor
protein is located within the cell. Our findings and related
investigations carried out with CB, suggest that there is
trafficking between receptor locations and that intracellular
receptors are likely to be biologically active. Future studies
focused on understanding the role of differential CB, recep-
tor location on cannabinoid function are warranted.
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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 effect on 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).

@ Springer

39

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-
CBI1 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, 45 s @ 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 8-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
NK1.1) 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 pM
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

40

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,
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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.

a  pB.actin CB1 b
1.0 CB1
=
S 0.8
o
N 0.67
3
[ 04'
2 CB2 |
m 0.21
@)
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CB1 CB2

Fig. 1 Monocytes express high levels of CB2 mRNA and intracellular
CBI1 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-
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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
mAD 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

a
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100+

CHO-CB2
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60
40
20

% of Control cAMP

(o2

120
Monocytes
100
801
60

401

% of Control cAMP

20

THC JWH SR144528

-015 +THC

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
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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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T 4001 HiL-10
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S
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0_ D 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
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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 (Galiegue 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

45

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-107" 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
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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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CHAPTER 4

DYNAMIC REGULATION OF CELL SURFACE CB2 RECEPTOR DURING HUMAN B
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ABSTRACT

Cannabinoid receptor type 2 (CB>) is the primary receptor pathway mediating the immunologic
consequences of cannabinoids. We recently reported that human peripheral blood B cells express
CBz on both the extracellular membrane and at intracellular sites, where-as monocytes and T cells
only express intracellular CB2. To better understand the pattern of CB2 expression by human B
cells, we examined CD20" B cells from three tissue sources. Both surface expression and
intracellular staining were present and uniform in cord blood B cells, where all cells exhibited a
naive mature phenotype (IgD*/CD38P'™). While naive mature and quiescent memory B cells (IgD
/CD38") from tonsils and peripheral blood exhibited a similar pattern, tonsillar activated B cells
(IgD/CD38"19) expressed little to no surface CB.. We hypothesized that regulation of the surface
CB2 receptor may occur during B cell activation. Consistent with this, a B cell lymphoma cell line
known to exhibit an activated phenotype (SUDHL-4) was found to lack cell surface CB; but
express intracellular CB>. Furthermore, in vitro activation of human cord blood resulted in a down-
regulation of surface CB2 on those B cells acquiring the activated phenotype but not on those
retaining IgD expression. Using a CBz expressing cell line (293T/CB2-GFP), confocal microscopy
confirmed the presence of both cell surface expression and multifocal intracellular staining, the
latter of which did not co-localize with either mitochondria, lysosomes, or nucleus. Our findings
suggest a dynamic multi-compartment expression pattern for CB; in B cells that is specifically

modulated during the course of B cell activation.
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INTRODUCTION

Cannabinoids, the primary bioactive constituents of marijuana, activate cannabinoid
receptor type 1 (CB1) and type 2 (CB:) and signal through an endogenous human cannabinoid
system to produce their biologic effects [Aizpurua-Olaizola 2016, Cabral 2015, Maccarrone 2015,
Pacher 2006]. Expression of CB. predominates in cells from the immune system [Castaneda 2013,
Schmdle 2015], and cannabinoids have been described to exert potent immunosuppressive effects
on antigen presenting cells [Klein 2006, Roth 2015], B cells and antibody production [Agudelo
2008, Carayon 1998], T cell responsiveness and cytokine production [Eisenstein 2015, Yuan
2002], and monocyte/macrophage function [Hegde 2010, Roth 2004]. However, the majority of
these findings stem from studies employing agonists and antagonists with defined CB; binding
specificities, and only limited insight has been available regarding the actual expression patterns
and dynamic regulation of CB: protein. CB2 has traditionally been described as a seven-
transmembrane G protein-coupled receptor (GPCR) expressed on the cell surface and responsive
to extracellular ligand binding. Ligand binding has been shown to initiate both receptor
internalization [Atwood 2012] and a diverse number of intracellular signaling cascades, including
adenylyl cyclase, cCAMP, mitogen-activated protein (MAP) kinase, and intracellular calcium
[Howlett 2005, Jean-Alphonse 2011, Maccarrone 2015]. However, after using a highly sensitive
and specific monoclonal anti-CB: antibody and fluorescent imaging, we were surprised to find that
CB2 was expressed exclusively in the intracellular compartment of human monocytes, dendritic
cells, and T cells without detectable cell surface staining [Castaneda 2013, Roth 2015]. Only
human B cells expressed CB> on the cell surface, which internalized in response to ligand
exposure, as well as within the intracellular compartment [Castaneda 2013]. These findings

challenge our understanding of the CB> receptor and identify the need for additional insight.
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It is not yet clear whether cannabinoids routinely bind and activate intracellular CB», but
there is at least one report providing direct experimental evidence for this [Brailoiu 2014]. It is
also not clear why B cells exhibit a receptor expression pattern that is distinct from other leukocytes
or whether this is a unique feature in cells obtained from peripheral blood or related to the specific
stage of cell activation or differentiation. B cell activation has been suggested to play a role in the
pattern of CB> expression in a prior report [Carayon 1998]. In order to better understand CB>
expression patterns exhibited by human B cells, this report examines cells obtained from three
different tissue sources (adult peripheral blood, cord blood, and tonsils), evaluates the relationship
between defined B cell subsets and CB> expression patterns, and uses an in vitro model for
activating B cells in order to examine changes in CB: expression as they correlate to the life cycle

of functional B cell responses.
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METHODS

Primary cells and cell lines: Following informed consent, peripheral blood leukocytes (PBL)
were isolated by Ficoll-gradient centrifugation (GE HealthCare, Chicago, IL) from the blood of
healthy human donors. Human umbilical vein cord blood leukocytes were obtained from
anonymous donors through the UCLA Virology Core and isolated in the same manner. Fresh
human tonsillar tissue was also obtained in an anonymous manner through the UCLA Translational
Pathology Core from patients undergoing routine elective tonsillectomies. Tonsillar tissue was
handled in a sterile manner, minced, and then extruded through a sterile 100 uM filter to produce
single cells. Filtered cells were then rinsed with PBS (Cellgro, Manassas, VA) and processed in
the same manner as PBL. Cell subsets were identified by flow cytometry using fluorescent-labeled
monoclonal antibodies (mAb) directed against T cells (anti-CD3, Invitrogen, Camarillo, CA), B
cells (anti-CD20, BD Biosciences, San Jose, CA), and B cell subsets (anti-lgD and anti-IgM,

Biolegend, San Diego, CA and anti-CD27 and anti-CD38, BD Biosciences).

The human B cell non-Hodgkin’s lymphoma cell line, SUDHL-4 (gifted by Dr. John
Timmerman) was cryopreserved, and when needed, it was cultivated in suspension in complete
medium composed of RPMI-1640 (Cellgro) supplemented with 10% fetal bovine serum (Omega
Scientific, Tarzana, CA), 50 uM 2-mercaptoethanol (MP Biomedicals, Santa Ana, CA), and 1%

antibiotic-antimycotic solution (Cellgro).

Detection of CBz2 receptor by flow cytometry: CB> on the extracellular membrane was detected

as previously described [Castaneda 2013]. In summary, cells were pre-treated with human AB
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Serum (Omega Scientific) followed by a 30 min incubation with unlabeled primary mouse IgG:
mAD directed against either human CB; (clone #352114, 0.5 nug/tube, R&D Systems, Minneapolis,
MN) or isotype-matched mAb against an irrelevant antigen, mouse NK1.1 (clone #PK136, 0.5
ug/tube, BD Biosciences). After washing, cells were incubated with an APC-labeled goat anti-
mouse F(ab’)2 mAb (APC-labeled GAM, 0.5 pg/tube, Invitrogen) for 30 min. To identify different
leukocyte subsets, cells were incubated with lineage-specific fluorescent-labeled mAb for 20 min
and washed. All cells were then fixed with 1% paraformaldehyde (Sigma-Aldrich, St. Louis, MO)
and washed. Samples were protected from light and stored at 4°C until analyzed.

In order to detect total cellular CB> expression (extracellular + intracellular), cell
suspensions were fixed (1% paraformaldehyde), permeabilized (permeabilizing solution, BD
Biosciences), and blocked with human AB serum. Staining with primary unlabeled mAb (against
CB:2 or NK1.1) and secondary APC-labeled GAM were carried out as already detailed except for
the use of a 60 minute incubation time and the presence of permeabilizing solution. After washing,
leukocytes were further stained with fluorescent-labeled antibodies as indicated for individual
experiments, fixed, and stored for analysis.

In order to identify total cellular CB2 expression in specific B cells subsets, cells were pre-
stained with B cell subset markers prior to fixation, permeabilization, and staining for CB>. This
step prevented the detection of intracellular subset markers (IgD, IgM, CD27, and CD38), which
can otherwise result in misclassification. After staining, cells were fixed with 1%
paraformaldehyde, washed, and cryopreserved in PBS with 2% human AB serum and 10%
dimethyl sulfoxide (Sigma-Aldrich). On the day of CB. analysis, cells were rapidly thawed at
37°C, treated with permeabilizing solution and stained for 30 min with Alexa Fluor ® 647-labeled

mouse 1gG2a mAb directed against either human CB: (clone #352114, 2 ug/tube, Novus
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Biologicals, Littleton, CO) or isotype-matched mAb against an irrelevant antigen, mouse NK1.1
(clone #PK136, 2 pg/tube, Biolegend) and with fluorescent-labeled antibodies directed against
CD20 and CD3. Cells were fixed once again with 1% paraformaldehyde prior to storage and

analysis.

In vitro activation and differentiation of naive mature B cells: B cells obtained from umbilical
vein cord blood were cultured for 5 days at 1 x 10° cells/mL in RPMI-1640 supplemented with
10% human AB serum and 1% antibiotic-antimycotic solution in combination with the following
activating reagents: a) 5 pg/mL anti-IgM (Jackson ImmunoResearch, West Grove, PA); b) 100-
250 ng/mL mega-CD40L (Enzo Life Sciences, Farmingdale, NY); ¢) 100 ng/mL IL-21 (Peprotech,
Rocky Hill, NJ); and d) 100 ng/mL IL-4 (R&D Systems). Leukocytes were phenotyped at day 0
(before culture) and day 5 to identify B cell subsets and determine CB> expression as already

described.

Multiparameter flow cytometry: Multiparameter flow cytometry was carried out using a
FACScan ll-plus cytometer and SORP BD HTLSRII (BD Biosciences) with the acquisition of
5,000-40,000 events depending upon the assay conditions. Analysis utilized FCS Express V3 or
V5 software with gating on CD20*/CD3" events followed by subset analyses (De Novo Software,
Ontario, Canada). Flow cytometry results are presented as two-parameter dot plots with reported

values representing the mean linear fluorescence intensity (MFI) of the gated population.

Confocal microscopy: Pre-cleaned coverslips were coated overnight with 0.1 mg/mL poly-I-

lysine hydrobromide (Sigma-Aldrich), washed with sterile culture water (Cellgro), and plated in
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12 well plates with 1.5 x10° 293T or 293T/CB,-GFP cells/mL for 48 hrs at 37°C in complete
medium composed of DMEM 1X (Cellgro), 10% fetal bovine serum, and 1% antibiotic-
antimycotic solution. Cells were then washed with PBS and incubated with 150 nM MitoTracker®
Orange CMTMRos (Molecular Probes, Eugene, OR) in serum free media or 100 nM LysoTracker®
Red DND-99 (Molecular Probes) in complete medium for 2 hr at 37°C. Cells were then washed
with pre-warmed DMEM or complete medium. MitoTracker-stained cells were fixed and
incubated with 1% paraformaldehyde for 20 min at 4°C. LysoTracker-stained cells were mounted
and imaged immediately without fixation. Coverslips were mounted onto slides with one drop of
SlowFade® Diamond Antifade Mountant with DAPI (Molecular Probes). For co-
localization studies, MitoTracker stained cells were fixed and incubated with 1%
paraformaldehyde and treated with permeabilizing solution. Cells were washed and followed by a
30 min incubation with an Alexa Fluor® 647-labeled mAbs (against CB, or NK1.1). After
washing, cells were fixed with 1% paraformaldehyde and mounted for image analysis. Slides were

imaged on SP2 1P-FCS or SP5 Blue confocal microscopes in 10-20 sections.

Statistics:

A minimum of three replicate experiments were carried out for each assay. Flow cytometry dot-
plots display results from a single representative tube of a single experiment. All other data are
presented as means of replicate tubes or experiments as detailed. The difference between means

was determined using a Student’s T-test with a p < 0.05 accepted as statistically significant.

57



RESULTS

Heterogeneity of B cell populations and CB:2 expression in leukocytes obtained from cord
blood, adult peripheral blood, and tonsils. In order to determine if surface expression of CB> is
a uniform feature of all B cell populations or whether it varies with the local environment or state
of differentiation, flow cytometry was used to examine the CD20*/CD3" population recovered
from three different sources including umbilical vein cord blood, adult peripheral blood, and
tonsils (Figure 1). CD20" B cells recovered from cord blood exhibited a homogeneous phenotype
consistent with naive mature B cells (IgD*/CD38%™), while cells recovered from peripheral blood
exhibited markers suggestive of both naive mature and quiescent memory (IgD/CD38") subsets.
Cells recovered from tonsils demonstrated features of all three subsets: naive mature, activated
(IgD/CD38"), and quiescent memory B cells (Figure 1A). Similarly, the staining by anti-CB:
mADb ranged from homogeneous and positive on cord blood and peripheral blood B cells to
heterogeneous on tonsillar B cells (Figure 1B). Consistent with our prior findings with peripheral
blood, no surface CB; staining was observed on CD3* T cells regardless of the source of cells (data

not shown).

Surface expression of CBz, but not total cellular CBz, is limited in activated B cells recovered
from tonsils. In order to directly examine the relationship between B cell subsets and CB:
expression, gated CD20*/CD3" B cells from human tonsils were classified into three defined
subsets, naive mature, activated, and quiescent memory (Figure 2A), and evaluated for both
surface expression (Figure 2B) and total cellular CB> expression (Figure 2C) by flow cytometry.
Non-specific background staining on these gated subsets was assessed using an isotype control

mADb directed against an irrelevant target (mouse NK1.1). This approach clarified that the
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expression of CB, on the surface of both naive mature (IgD*/CD38%™M) and quiescent memory
(IgD/CD38") subsets was relatively homogeneous and strongly-positive, while surface CB>
expression on the activated subset (IgD/CD38") ranged from negative to dim-positive with the
majority of cells exhibiting no detectible extracellular membrane expression of CB2. Using a
permeabilization step, total cellular expression of CB> (intracellular plus cell membrane) was also
assessed. Interestingly, in contrast to the findings on the cell membrane, all three B cell subsets

exhibited high expression of CB> with the highest expression by the activated subset.

Malignant B cell lines expressing an activated phenotype exhibit the same pattern of CB:2
expression as that observed with primary activated B cells from tonsils. CB> has been
described as an oncogene with enhanced expression of CB; by leukemia and lymphoma cell lines
[Jorda 2003, Perez-Gomez 2015]. Given the expression pattern observed with tonsillar B cells, we
hypothesized that altered CB. expression might be associated with an activated phenotype and that
expression by these cells might reside primarily at an intracellular location. A B cell lymphoma
cell line described as exhibiting the characteristics of activated B cells, SUDHL-4, was therefore
assessed for both B cell subset markers, IgD, CD38, and CD27 (Figure 3A), and for cell surface
(Figure 3B) and total CB> expression (Figure 3C) by flow cytometry. As expected for the
activated phenotype, these cells were IgD/CD38*/CD27" (tonsillar activated B cells were also
CD277, data not shown). Following the same pattern as activated B cells from tonsils, SUDHL-4
cells did not express cell surface CB2, but exhibited high total cellular CB: after being fixed,
permeabilized, and stained with anti-CB> mAb. Similar findings were observed with two other

human malignant B cell lymphomas tested (Ramos and Granta-519 cells, data not shown).
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Changes in CB2 expression when human naive B cells are activated in vitro and acquire the
phenotype of activated B cells. The difference in CB2 expression between activated B cells and
other subsets lead us to hypothesize that CB> expression is modulated as part of the activation
process. In order to directly test this hypothesis, cord blood B cells were activated by cross-linking
the B cell receptor in combination with mega-CD40L, IL-21, and IL-4 as physiologic
costimulatory signals. Activation was assessed by changes in expression of cell surface IgD, IgM,
CD27, and CD38 (Figure 4A). At day 0, B cells start out in a naive mature state (IgD*/CD38°™).
By day 5, two distinct sub-populations emerge, one still phenotypically naive (IgD*/CD38°™) and
the other with an activated phenotype (IgD/CD38%). Each population was examined for the
expression of both cell surface CB> and total cellular CB2. On day 0, cell surface CB> expression
was obviously positive as was intracellular expression. Similarly, the B cells that remained
phenotypically naive on day 5 exhibited both cell surface and intracellular CB>. However, surface
expression of CB was absent on those day 5 cells that had acquired an activated phenotype. As
was the case with activated B cells recovered from tonsils, the activated cells generated in vitro

still exhibited intracellular CB: even though surface expression had been lost (Figure 4B).

Intracellular CB: is expressed in a diffuse but punctate pattern that is distinct from the
distribution of the lysosomal and mitochondrial compartments. As an integral transmembrane
GPCR, CB: has classically been viewed as a cell surface receptor. However, the current findings
suggest that it is the intracellular form of CB: that represents the most consistent and predominant
form. Confocal microscopy was therefore employed to investigate the distribution and location of
intracellular CB:> in peripheral blood B cells, the activated B cell lymphoma cell line, SUDHL-4,

and in a 293T cell line transduced to stably express CB> (293T/CB»-GFP) (Figure 5A). An
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identical appearing diffuse, but punctate, cytoplasmic distribution of CB2 was observed in all three
cases. Cells stained in an identical manner using the isotype control NK1.1 mAb exhibited no
detectible fluorescence (data not shown). In order to compare expression patterns to other
organelle markers, cells from the 293T/CB>-GFP line were also stained with MitoTracker and
LysoTracker reagents to determine mitochondrial and lysosomal staining patterns, respectively
(Figure 5B). Lysosomal staining shared no obvious features with the staining pattern for CB>, but
the mitochondrial staining also exhibited a diffuse but punctate pattern. Given prior evidence that
A-9-tetrahydrocanabinol (THC), a prototypic cannabinoid that binds to the CB: receptor, has
potent effects on cell energetics and mitochondrial function when incubated with a CB2-expressing
cell line [Sarafian 2003], co-localization studies were carried out to assess whether CB; is
expressed in the mitochondrial membrane (Figure 5C). Despite some similarity in staining pattern,
there was no co-localization of fluorescent images for mitochondrial and CB staining. Cell surface

CB: did co-localize with cell membrane markers (data not shown).
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DISCUSSION

The concept of CB> as a simple GPCR expressed on the surface of human leukocytes
[Graham 2010, Klein 2003] is being challenged by a number of recent findings, including our
imaging studies that employ a mAb against the N-terminal domain of CB> to detect protein
expression [Castaneda 2013, Roth 2015]. Using a combination of multi-parameter flow cytometry
and flow-based imaging, we observed that CB> can be expressed on the cell surface, as expected,
but is also present within the cytoplasm. Furthermore, the expression pattern for CB> was not
uniform across cell types. The intracellular expression, rather than the extracellular expression,
was the predominant form [Castaneda 2013]. While peripheral blood B cells expressed both cell
surface and intracellular CB2, T cells, monocytes, and dendritic cells exhibited only the
intracellular form of CB». Even though cell surface CB> can rapidly internalize when exposed to a
ligand, the distribution of this internalized CB: did not appear to account for the pre-existing
distribution of intracellular CB>. The biologic basis underlying these different CB> expression
patterns has not yet been fully delineated, but there is growing evidence that the presence of
GPCRs at different cellular locations is an important feature of these receptors that promotes
functional heterogeneity with respect to downstream signaling and biologic responses [Flordellis
2012, Gaudet 2015]. Along these lines, there is growing evidence that intracellular forms for both
CB: and CB; are common and exert distinct biologic effects [Brailoiu 2011, Bernard 2012,
Gomez-Cafias 2016]. In this setting, understanding the distribution, regulation, and dynamic
balance between cell surface and intracellular CB: receptors is likely to provide important insight

regarding cannabinoid receptor biology.
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The unique expression of CB> on the surface of peripheral blood B cells led us to question
whether this represented an intrinsic and stable feature of B cells in general or was more
characteristic of those in peripheral blood. B cells were therefore obtained from three sources for
comparison including umbilical vein cord blood, adult peripheral blood, and tonsils. B cell subsets
from these different sources were characterized as either naive mature, activated, or memory B
cells based on their expression of IgD, IgM, CD27 and CD38 [Ettinger 2005]. When analyzed in
this manner, it became clear that all naive and memory B cells, regardless of source, expressed
both cell surface and intracellular CB. On the other hand, B cells with an activated phenotype
(IgD/IgM°/CD38"/CD27") expressed only the intracellular form of CB>, and in most cases the
level of intracellular CB: was higher than that observed in naive or memory B cells obtained from
the same sample. Prior studies had noted that IgD/CD38" germinal center B cells, consistent with
the activated tonsillar B cells studied here, express a different pattern of CB: protein staining than
other B cells. However, they were using a polyclonal rabbit antibody that targeted a C-terminal
CB:2 peptide sequence and concluded that their findings represented the transition of CB, from an
inactive to an "activated/phosphorylated” state [Carayon 1998, Rayman 2004]. It is plausible that
their findings actually mirrored ours, but features related to receptor localization were not
appreciated due to technical limitations.

Given the unique CB: signature of the activated B cell population, we entertained two
possible hypotheses based on the existing literature. The simplest hypothesis being that B cell
activation is associated with a down-regulation of the surface CB; receptor. Alternatively, it has
been reported that CB> can form heterodimers with the CXCR4 chemokine receptor and has
chemotactic properties that result in the selective homing of CB," and CB, B cells to different

regions of lymphoid follicles [Basu 2013, Coke 2016]. We addressed the potential linkage between
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B cell activation and CB2 expression using two different approaches. CB: is known to be expressed
by B cell lymphomas and has been described as an oncogene [Jorda 2003, Perez-Gomez 2015].
We therefore examined a human B cell lymphoma cell line, SUDHL-4, that had been described to
express an activated B cell phenotype. Consistent with a linkage between activation state and CB>
expression pattern, this cell line and two other lymphoma lines that exhibited an "activated"
phenotype were found to exhibit high intracellular CB> but no surface staining. In order to more
directly test the linkage between B cell activation and CB: expression pattern, we employed an in
vitro model in which naive mature human B cells obtained from umbilical vein cord blood were
activated with a combination of receptor signaling and supporting cytokines [Ettinger 2005]. After
5 days in culture, the initial homogeneous population of naive B cells had evolved into two obvious
subsets: one that retained the naive B cell phenotype (IgD™) and the other that exhibited an
activated B cell phenotype (IgD”). When examined for the expression of CBy, there was a clear
distinction between these two subsets with a loss of extracellular CB2 only on the activated subset.
Collectively, the evidence presented in this report points to a clear linkage between the acquisition
of an "activated"” B cell phenotype and specific regulation of CB. protein expression.

With limited information regarding the nature of intracellular CB2, we employed a
combination of confocal microscopy and marker co-localization studies to evaluate the distribution
and location of intracellular CB.. It exhibited a diffuse but punctate pattern within the cytoplasm.
This appearance was the same regardless of the type of cells studied — primary peripheral blood B
cells, the SUDHL-4 cell line, or the 293T/CB,-GFP line that we had previously described
[Castaneda 2013]. Using the 293T/CB>-GFP line, we compared the distribution of CB: staining to
the staining of mitochondrial and lysosomal markers. The sparse and well defined features of

lysosomal staining did not match and were not pursued further. On the other hand, the punctate
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but diffuse pattern of mitochondrial staining shared some similarities to the pattern observed with
CBa. This represented an interesting observation given our prior findings that THC can disrupt cell
energetics and mitochondrial transmembrane potential in airway epithelial cells in a CB:-
dependent manner [Sarafian 2008]. Along the same lines, Bernard and associates identified a
similar effect on neuronal cells but ascribed this effect to intracellular CBy, which localized to
mitochondria in their studies. However, there was no obvious co-localization between the CB:
receptor and mitochondrial markers when directly examined by dual staining and confocal
microscopy.

In summary, we can conclude that the expression of CBz in human leukocytes appears to
be specifically regulated with respect to the cellular location (cell membrane versus intracellular
distribution), the cell lineage being studied (B cells as compared to T cells, monocytes, and
dendritic cells), and the state of B cell activation and differentiation (activated versus the naive
and memory subsets). The presence of an activated phenotype on B cells is specifically associated
with down-regulation of the surface CB: receptor, a feature identified in B cells recovered from
human tonsils and also observed in vitro when naive B cells were stimulated to acquire an activated
phenotype. Given the capacity for cell surface CB> to form heterodimers with chemokine receptors
and promote migration and homing and given the location of CB>" and CB> B cells in different
compartments within lymphoid follicles [Basu 2013, Coke 2016], it is possible that modulating
surface CB2 during B cell activation plays an important role in trafficking. The capacity for T cells,
dendritic cells, and malignant B cells to respond to cannabinoids in a CB2-dependent manner has
been well characterized [McKallip 2002, Roth 2015, Yuan 2002], yet these cells do not express
CB: on the cell surface. The logical conclusion is that intracellular CB, must also be capable of

mediating ligand-induced signaling and biological consequences. With the recent report by
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Brailoiu et al (2014), there is now direct evidence for this. Given the high membrane solubility of
cannabinoids, we hypothesize that the presence of CB: at different locations within a cell provides
a mechanism for cells to link receptor activation to different signaling and biologic consequences,
resulting in an expanded functional heterogeneity of cannabinoids. The intracellular location of
CB:2 and the specific role of different receptors on biologic function remains to be determined but

will likely be very informative in understanding cannabinoid biology.
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Fig 1. Heterogeneity of B cell populations and CB:2 expression in leukocytes obtained from
cord blood, adult peripheral blood, and tonsils. (A) Leukocytes from umbilical vein cord blood,
peripheral blood, and tonsils were stained with fluorescent antibody and gated to express only
viable events within the CD20*/CD3" B cell region. 5-color staining was used to identify the
distribution of cells exhibiting IgD and IgM, expressed only on naive mature B cells, and CD38,
which is dim on naive mature B cells, positive on activated B cells, and dim/negative on quiescent
memory B cells. Percentages for each population are listed. (B) Cells within the CD20"/CD3" gate
were also evaluated for expression of extracellular CB using a primary unlabeled mAb against
CB2 protein followed by secondary staining with APC-labeled GAM. Background staining
(horizontal line) was set by staining cells with an unlabeled isotype-matched irrelevant target (anti-
mouse NK1.1) followed by secondary staining with APC-labeled GAM. Representative

experiment shown, n = 6.
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Fig 2. Surface expression of CB2, but not total cellular CB2, is limited in activated B cells
recovered from tonsils. (A) B cells within the gate for viable CD20/CD3" events obtained from
mechanically-digested human tonsils were classified into three subsets based on IgD and CD38
expression patterns: (#1) naive mature (dashed line), (#2) activated (dotted line), and (#3)
quiescent memory (solid line). (B) B cells within each of these three subset classifications (#1-#3,
correspondingly) were then stained with either anti-CB: or anti-NK1.1 (isotype control) while still
viable for the detection of cell surface expression (left panel) or after being fixed and permeabilized
for the detection of total cellular expression (right panel). Numbers represent relative mean

fluorescent intensity for staining on the Y axis. Representative experiment, n= 3.
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Fig 3. A malignant B cell line expressing an activated phenotype exhibits the same pattern
of CB:2 expression as that observed with primary activated B cells from tonsils. (A) Cells from
the malignant B cell lymphoma cell line, SUDHL-4, exhibited cell surface markers consistent with
an activated B cell subset based on the expression pattern for IgD (negative), anti-CD38 (positive),
and anti-CD27 (positive). (B) Cells were stained while still viable for detection of cell surface CB:
with a primary unlabeled mAb against CB; protein or isotype control, NK1.1, and then stained
with APC-labeled GAM. (C) For total cell expression of CB, cells were fixed and permeabilized
prior to specific staining. Numbers represent relative mean fluorescent intensity for staining on the

Y axis. Representative experiment shown, n = 3
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Eig4. Changes in CB2 expression when human naive B cells are activated in vitro and acquire
the phenotype of activated B cells. (A) 1 x 10° umbilical vein cord blood B cells/mL were
cultured for 5 days at 37°C and activated in vitro by addition of 100 ng/mL IL-21, 100-250 ng/mL
mega-CD40L, 5 pg/mL anti-IgM and 100 ng/mL IL-4 in complete medium. Fresh resting cells
(day 0) and activated cells (day 5) were gated on the viable CD20*/CD3 population and analyzed
by flow cytometry for the expression of subset markers to identify naive mature B cells
(IgD*/CD38P"™) and activated B cells (IgD/CD38%). (B) Gated cells exhibiting the phenotype of
either naive (IgD") or activated (IgD") B cells were then independently evaluated for fluorescence
produced by anti-CB> mADb. Live cells were stained to measure cell surface staining while total
cell expression of CB; (intracellular plus extracellular) was determined in cells that were fixed and
permeabilized prior to CB: staining. Numbers represent relative mean fluorescent intensity for

staining on the Y axis. Representative experiment shown, n = 6
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Naive Mature B Cell SUDHL-4 293T/CB,-GFP
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Fig 5. Intracellular CB; is expressed in a diffuse but punctate pattern that is distinct from
the distribution of the lysosomal and mitochondrial compartments. (A) CD20*/CD3" naive
mature B cells purified from peripheral blood, cells prepared from the SUDHL-4 lymphoma cell
line, and 293T/CB2-GFP cells were fixed, permeabilized, and stained with mAb against CB>
protein (displayed as red/magenta) and mounted with SlowFade® Diamond Antifade Mountant
with DAPI (blue) prior to examination by confocal fluorescence microscopy. Magnification 63X;
10-20 sections/cell with an SP5 blue confocal microscope. (B) 293T/CB>-GFP cells were grown
on poly-I-lysine coated coverslips, fixed, permeabilized and stained with either CB>, mAb (left,
magenta), MitoTracker (middle, red), or LysoTracker (right, red) prior to mounting with

SlowFade® Diamond Antifade Mountant with DAPI (blue). CB2 and MitoTracker stained
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cells were fixed with 1% paraformaldehyde for 20 min at 4°C and later imaged. LysoTracker
stained cells were imaged immediately without fixation. Cells were imaged in 10-20 sections with
an SP5 blue confocal microscope. Magnification 63X. (C) For co-localization imaging, 293T-CB.-
GFP cells grown on poly-I-lysine coated coverslips were first stained with MitoTracker (Red) for
2 hr at 37°C, then fixed, permeabilized, and stained with anti-CB> mAb (green) for 30 min at 4°C.
Cells were fixed, mounted and imaged in 10-20 sections with an SP5 blue confocal microscope.

Magnification 63X.
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CHAPTER 5

SUMMARY AND DISCUSSION
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As of the year 2016, four states and Washington D.C. have legalized the use of marijuana
for recreational purposes, and an additional 19 states have legalized marijuana for medicinal
purposes. The rise of legalization has also led to a rise in usage due to the assumption that
marijuana has no overall effect on human health. Despite the widespread use of marijuana and its
controversial toxic versus medicinal effects, there is relatively little information known about the
effects of cannabinoids and CB2 on human immunity. The research detailed in this dissertation
focuses on the CB: receptor and how understanding the differential CB> expression patterns could
link the CB: receptor to the biologic function of human leukocytes. While it is important to
understand the immunotoxic effects that might result from marijuana smoking, it is equally
important to understand how the CB> receptor might be exploited to control inflammation and
regulate adaptive immunity from a therapeutic perspective. This work will promote a better
understanding of how the CB> receptor in leukocytes can initiate downstream signaling and induce
both the toxic consequences and potential beneficial effects of cannabinoids, which could

eventually lead to the development of new targeted ligands.

The concept of CB> as a simple GPCR expressed on the surface of human leukocytes
[Graham 2010, Klein 2003] has been challenged by a number of recent findings. Addressing this
statement had been particularly difficult due to the lack of reliable tools that could measure CB: at
the cell surface or intracellular locations. CB; protein detection had been challenging due to non-
specific staining of primary antibodies and use of CB: polyclonal antibodies that can be cross-
reactive to other proteins [Graham 2010]. The use of CB: antibodies with western blots had also
been problematic due to the presence of multiple bands of similar molecular weight expected to
be CB: isoforms [Marchalant 2014]. In addition to the technical difficulties, Graham and associates

have suggested that CB2 was highly expressed on all PBMC, contrasting with our preliminary
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findings. This discrepancy can be attributed to the use of commercial polyclonal rabbit or goat
antibodies from different companies without any controls. The staining varied for every

manufacturer, from batch to batch, and from subject to subject.

Previous evidence from our laboratory describes a lack of cell surface expression in T cells,
but T cells have been described to have reduced proliferation, activation, and cytokine production
when exposed to THC [Chen 2012, Eisenstein 2015, Yuan 2002]. The logical conclusion is that
CB2 must exist at an intracellular location and that intracellular CB, must also be capable of
mediating ligand-induced signaling and biological consequences. In chapter 3, Castaneda et al.
describes that in order to overcome this hurdle, we constructed cell lines expressing different levels
of human CB: and used a commercial anti-CB> mADb to develop a sensitive and specific flow
cytometry assay for detecting CB: protein at the cell surface and at intracellular locations. We
reported that CB: is expressed on the cell surface of B cells and at intracellular locations, while T
cells and monocytes lack CB: cell surface expression but express CB> at intracellular locations.
The significance of the differential expression of CB: at extracellular and intracellular locations
remains unknown but can possibly play an important role in the immune response to cannabinoids.

Also in chapter 3, Roth et al., describes how we successfully applied the model that we
designed in Castaneda et al. to the CB; receptor. The presence of CB1 in the human immune system
is not commonly described since CB: is the more prevalent receptor. With our novel flow
cytometry approach, we report that CB; is not present on the cell surface of monocytes but indeed
present at intracellular sites. This finding is vital for the understanding of how cannabinoids exert
their immunotoxic effects since intracellular binding can occur to both CB1 and CB: receptors in
human leukocytes versus the common concept of only binding to CB>. Further understanding of

the balance between extracellular and intracellular cannabinoid receptor expression could also
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provide insight as to how cannabinoids mediate their toxic effects and induce intracellular

signaling.

As previously stated, B cells are the only leukocyte that we have examined to express CB>
on both the cell surface and at intracellular locations. The biologic basis as to why extracellular
CBz is not expressed in T cells, monocytes, and dendritic cells is not known, but there is evidence
that suggests that the presence of GPCRs at different cellular locations can promote functional
heterogeneity with respect to downstream signaling and biologic responses [Flordellis 2012,
Gaudet 2015]. Also intracellular forms for both CB1 and CB: have been described to exert distinct
biologic effects [Brailoiu 2011, Bernard 2012, Gomez-Cafias 2016]. Understanding the
distribution, regulation, and dynamic balance between cell surface and intracellular CB: receptors

will likely provide important insight regarding cannabinoid receptor biology.

In order to further assess the role of CB: at different locations, chapter 4 describes how we
investigated the expression of CBz in B cells from multiple sources in the human body. Cord blood
was composed of mostly naive mature B cells, while peripheral blood included a mixture of naive
mature and memory B cells. Tonsils were the only source of B cells to express cells at three
different stages of differentiation: naive mature, activated, and memory. Interestingly, out of all of
the subsets that were phenotyped, the only subset of B cells to not express cell surface CB, was
the activated subset of B cells found in tonsils. All B cells from the three sources expressed
intracellular CB.. In accordance with this finding, a B cell lymphoma cell line, SUDHL-4, that
was characterized as “activated” due to its IgD vs CD38 profile also did not express CB2 on the
cell surface but had high intracellular stores of CB,. This finding correlates with the pattern
observed in the activated subset of B cells in tonsils. In summary, we observed that B cells in an

activated state do not express cell surface CB..
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In order to further determine the role of activation in differential CB. expression patterns,
we activated naive mature cord blood B cells in vitro by engaging the B cell receptor with co-
stimulatory molecules and cytokines. We were able to induce activation in vitro and track the
different stages of B cell differentiation and maturation along with CB2 expression. We determined
that the naive mature B cells that underwent activation showed a decrease in cell surface CB>
expression. Cells that did not undergo activation after culture and still expressed maturation
markers, 1gD and IgM, expressed CB; on the surface. This finding determined that there is a link
between loss of CB;, expression and activation and that there is a novel and dynamic multi-
compartment expression pattern for CB: in B cells that is specifically modulated during B cell
activation. Further investigation is needed in order to better understand the two-way interaction

between activation and CB> expression.

The presence of CB; at different locations within a cell can possibly provide a mechanism
for cells to link receptor activation to different signaling and biologic consequences, resulting in
an expanded functional heterogeneity of cannabinoids. In order to further determine the role of
intracellular CB2, we examined intracellular CB; expression patterns and potential colocalization
with different organelle markers through the use of confocal microscopy. We determined that the
CB:2 receptor does not colocalize with mitochondrial or lysosomal markers. This is a very
interesting finding due to the fact that after exposure to THC, lung epithelial cells, A549, have
reduced mitochondrial function and cell energetics [Sarafian 2003]. The intracellular location of

CB:2 and the specific role of receptor location on biologic function remains to be determined.

Based on the findings in chapter 4, we can conclude that differential CB, expression
patterns are not just a product of cell to cell differences. Distribution is different based on

activation, and activation is a key event in isotype switching. With the in vitro activation assay that

80



we developed in chapter 4, we are also able to isotype switch cells in vitro and assess the role of
CB: in isotype switching. In order to assess isotype switching, B cells must lose both cell surface
maturation markers, 1gD and IgM, and switch to a different immunoglobulin subtype: 19G, IgA,
or IgE. We are particularly interested in IgE expression since IgE expression is characteristic of
an allergic phenotype. Marijuana usage has been associated with symptoms similar to an allergic
reaction [Mimura 2012]. With the model that we employed by activating B cells with a
combination of mega-CD40 ligand, 1L-21, and IL-4, we were able to skew isotype switching in
vitro towards an IgE subtype. This isotype switching model will now be crucial to determine how
exposure to cannabinoids can affect CB2 expression patterns and the biologic function of B cells,

such as isotype switching and antibody production.

In conclusion, we have developed sensitive and specific models to measure cell surface
and intracellular expression of the CB> receptor, and we are able induce in vitro activation and
isotype switching in human leukocytes. We can conclude that the expression of CB; in human
leukocytes appears to be specifically regulated with respect to the cellular location (cell membrane
versus intracellular distribution), the cell lineage being studied (B cells as compared to T cells,
monocytes, and dendritic cells), and the state of B cell activation and differentiation (activated
versus the naive and memory subsets). Cannabinoid ligands can access and activate receptors at
cell surface and intracellular locations and perhaps with different relative efficiencies. These
results suggest that it is possible that modulating surface CB2 during B cell activation can play an
important role in trafficking and contribute to the prevention of autoreactive responses. These
results are of primary interest to the field of cannabinoid receptor biology and directly relevant to
the understanding of the potential toxic effects of cannabinoids on immune function and how the

cannabinoid/CB: pathway might be exploited for immunotherapeutic purposes. Our novel studies
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provide insight into the biologic role and function of intracellular CB2 and the importance of
receptor location on function. Understanding the dynamic balance between CB: receptor location
and intracellular signaling could play a role in humoral memory immune responses that could
eventually lead to long-term protective therapeutics or vaccinations. Further research is needed to
provide new insight into the differential expression of the CB:> receptor and the complex role of
cannabinoids on immune responses and contribute to the characterization of defects that lead to

autoimmune diseases.

82



REFERENCES

10.

11.

12.

Bernard G, Massa F, Puente N, Lourenco J, Bellocchio L, Soria-Gomez E, Matias I, Delamarre
A, Metna-Laurent M, Cannich A, Hebert-Chatelain E, Mulle C, Ortega-Gutierrez S, Martin-
Fontecha M, Klugmann M, Guggenhuber S, Lutz B, Gertsch J, Chaouloff F, Lopez-Rodriguez
ML, Grandes P, Rossignol R, Marsicano G. Mitochondrial CB1 receptors regulate neuronal
energy metabolism. Nat. Neurosci. 15, 558-564, 2012.

Brailoiu GC, Oprea T1, Zhao P, Abood ME, Brailoiu E. Intracellular cannabinoid type 1 (CB1)
receptors are activated by anandamide. J. Biol. Chem. 286, 2916629174, 2011.

Chen W, Kaplan BL, Pike ST, Topper LA, Lichorobiec NR, Simmons SO, Ramabhadran R,
Kaminski NE. Magnitude of stimulation dictates the cannabinoid-mediated differential T cell
response to HIVgp120. J Leukoc Biol. 92(5):1093-102, 2012.

Castaneda JT, Harui A, Kiertscher SM, Roth JD, Roth MD. Differential expression of
intracellular and extracellular CB> cannabinoid receptor protein by human peripheral blood
leukocytes. J Neuroimmune Pharm. 8(1):323-332, 2013. PMC3587044

Eisenstein TK, Meissler JJ. Effects of Cannabinoids on T-Cell Function and Resistance to
Infection. J Neuroimmune Pharmacol. 10(2)204-216, 2015.

Flordellis CS. The plasticity of the 7TMR signaling machinery and the search for
pharmacological selectivity. Curr Pharm Des. 18(2):145-60, 2012.

Gaudet HM, Cheng SB, Christensen EM, Filardo EJ. The G-protein coupled estrogen receptor,
GPER: The inside and inside-out story. Mol Cell Endocrinol. 15;418 Pt 3:207-19, 2015.

GOmez-Cafnas M, Morales P, Garcia-Toscano L, Navarrete C, Mufoz E, Jagerovic N,
Fernandez-Ruiz J, Garcia-Arencibia M, Pazos MR. Biological characterization of PM226, a
chromenoisoxazole, as a selective CB2 receptor agonist with neuroprotective profile.
Pharmacol Res. 110:205-15, 2016.

Graham ES, Angel CE, Schwarcz LE, Dunbar PR, Glass M. Detailed characterization of CB2
receptor protein expression in peripheral blood immune cells from healthy human volunteers
using flow cytometry. Int J Immunopathol Pharmacol. 23(1):25-34, 2010.

Klein TW, Newton C, Larsen K, Lu L, Perkins I, Nong L, Friedman H. The cannabinoid system
and immune modulation. J Leukoc Biol. 74(4):486-96, 2003.

Marchalant Y, Brownjohn PW, Bonnet A, Kleffmann, Ashton JC. Validating Antibodies to
the Cannabinoid CB2 Receptor: Antibody Sensitivity Is Not Evidence of Antibody Specificity.
J Histochem Cytochem. 62(6):395-404, 2014.

Mimura T, Ueda Y, Watanabe Y, Sugiura T. The cannabinoid receptor-2 is envolved in allergic

83



inflammation. Life Sci. 90:862-66, 2012.

13. Roth MD, Castaneda JT, Kiertscher SM. Exposure to A9-Tetrahydrocanninol Impairs the
Differentiation of Human Monocyte-derived Dendritic Cells and their Capacity for T cell
Activation. J Neuroimmuno Pharmacol. 10:333-343, 2015.

14. Sarafian T, Kouyoumjian S, Khoshaghideh F, Tashkin DP, Roth MD. Delta 9-
tetrahydrocannabinol disrupts mitochondrial function and cell energetics. AM J Physiol Lung
Cell Mol Physiol. 284:1.298-L.306, 2003.

15. Yuan M, Kiertscher SM, Cheng Q, Zoumalan R, Tashkin DP, Roth MD. A%-
Tetrahydrocannabinol Regulates Th1/Th2 Cytokine Balance in Activated Human T-Cells. J.
Neuroimmunol. 133(1-2):124-131, 2002.

84



	Title pages.pdf
	Introductory Documents
	Chapter 1-5 09-29-16
	Chapter 1 09-21-16.pdf
	Chapter 2 09-21-16
	Chapter 3 09-21-16
	Castaneda et al
	Differential...
	Abstract
	Introduction
	Methods
	Primary cells and cell lines
	Δ9-tetrahydrocannabinol (THC)
	Detection of extracellular CB2 receptor
	Detection of total cellular CB2 expression
	Conventional and imaging flow cytometry
	CB2 receptor internalization assay
	Quantitative real-time RT-PCR
	Statistics

	Results
	Anti-CB2 mAb detects cell membrane expression of CB2 receptor
	Cell permeabilization exposes intracellular CB2 protein
	CB2 receptor internalization and trafficking following exposure to THC
	Distribution of CB2 expression in peripheral blood leukocytes (PBL)
	Quantitative real-time RT-PCR confirms the expression of CB2 mRNA which correlates with total cellular CB2 protein levels

	Discussion
	References


	Roth 2015
	Exposure...
	Abstract
	Introduction
	Materials and Methods
	Primary Cells and Cell Lines
	Reagents and Antibodies
	Preparation of Monocytes, DC and T cells
	Analysis of CB1 and CB2 Expression
	Forskolin-Induced cAMP Assay
	DC Endocytosis and Cytokine-Secretion Assays
	MLR and Cytokine Assays
	Statistical Analysis

	Results
	Human Monocytes Express Functional Cannabinoid Receptors
	Exposure to THC Alters the Phenotype of Monocyte-Derived DC
	Dendritic Cells Generated in the Presence of THC are Functionally Altered
	THC-DC are Poor T cell Stimulators and Fail to Induce Effector T cells
	DC Activators and Supplemental Cytokines Partially Restore the Function of THC-DC

	Discussion
	References


	Chapter 4 09-21-16
	Chapter 5 09-21-16




