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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 CB, on both the extracellular membrane
and at intracellular sites, where-as monocytes and T cells only
express intracellular CB,. To better understand the pattern of
CB, expression by human B cells, we examined CD20* B
cells from three tissue sources. Both surface and intracellular
expression 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")
expressed little to no surface CB,. We hypothesized that reg-
ulation of the surface CB, 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 CB, on those B cells acquiring
the activated phenotype but not on those retaining IgD expres-
sion. Using a CB, expressing cell line (293 T/CB,-GFP), con-
focal microscopy confirmed the presence of both cell surface
expression and multifocal intracellular expression, the latter of
which co-localized with endoplasmic reticulum but not with
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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.

Keywords Cannabinoids - Cannabinoid receptor CB2 -
G protein-coupled receptors - Intracellular membrane
receptors - B cells - B cell activation

Introduction

Cannabinoids, the primary bioactive constituents of marijua-
na, activate cannabinoid receptor type 1 (CB;) and type 2
(CB,) and signal through an endogenous human cannabinoid
system to produce their biologic effects (Aizpurua-Olaizola
et al. 2016; Cabral et al. 2015; Maccarrone et al. 2015;
Pacher et al. 2006). Expression of CB, predominates in cells
from the immune system (Castaneda et al. 2013; Schmole
et al. 2015), and cannabinoids have been described to exert
potent immunosuppressive effects on antigen presenting cells
(Klein and Cabral 2006; Roth et al. 2015), B cells and anti-
body production (Agudelo et al. 2008; Carayon et al. 1998), T
cell responsiveness and cytokine production (Eisenstein and
Meissler 2015; Yuan et al. 2002), and monocyte/macrophage
function (Hegde et al. 2010; Roth et al. 2004). However, the
majority of these findings stem from studies employing ago-
nists 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. CB, 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 et al. 2012) and a


http://crossmark.crossref.org/dialog/?doi=10.1007/s11481-017-9744-7&domain=pdf

J Neuroimmune Pharmacol (2017) 12:544-554

545

diverse number of intracellular signaling cascades, including
adenylyl cyclase, cAMP, mitogen-activated protein (MAP)
kinase, and intracellular calcium (Howlett 2005; Jean-
Alphonse and Hanyaloglu 2011; Maccarrone et al. 2015).
However, after using a highly sensitive and specific monoclo-
nal anti-CB, antibody and fluorescent imaging, we were sur-
prised to find that CB, was expressed exclusively in the intra-
cellular compartment of human monocytes, dendritic cells,
and T cells without detectable cell surface staining
(Castaneda et al. 2013; Roth et al. 2015). Only human B cells
expressed CB, on the cell surface, which internalized in re-
sponse to ligand exposure, as well as within the intracellular
compartment (Castaneda et al. 2013). These findings chal-
lenge our understanding of the CB, receptor and identify the
need for additional insight.

It is not yet clear whether cannabinoids routinely bind and
activate intracellular CB,, but there is at least one report pro-
viding direct experimental evidence for this (Brailoiu et al.
2014). It is also not clear why B cells exhibit a receptor ex-
pression pattern that is distinct from other leukocytes or
whether this is a unique feature in cells obtained from periph-
eral 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
et al. 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 be-
tween defined B cell subsets and CB, expression patterns, and
uses an in vitro model for activating B cells in order to exam-
ine changes in CB, expression as they correlate to the life
cycle of functional B cell responses.

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 ton-
sillectomies. 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-IgD 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, UCLA) was cryo-
preserved, and when needed, it was cultivated in suspension in
complete medium composed of RPMI-1640 (Cellgro) supple-
mented 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 CB, Receptor by Flow Cytometry CB, on the
extracellular membrane was detected as previously described
(Castaneda et al. 2013). In summary, cells were pre-treated
with human AB Serum (Omega Scientific) followed by a
30 min incubation with unlabeled primary mouse IgG, mAb
directed against either human CB, (clone #352114, 0.5 ng/
tube, R&D Systems, Minneapolis, MN) or with an isotype-
matched mAb against an irrelevant antigen, mouse NKI.1
(clone #PK136, 0.5 pg/tube, BD Biosciences), to assess
non-specific background staining. After washing, cells that
had been stained in this manner 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 differ-
ent 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 (intracellu-
lar plus cell membrane), cell suspensions were fixed (1% para-
formaldehyde), permeabilized (Permeabilizing Solution 2,
BD Biosciences), and blocked with human AB serum.
Staining with primary unlabeled mAb (against CB, or
NK1.1) and secondary APC-labeled GAM were carried out
as already detailed except for the use of a 60 min incubation
time and the presence of permeabilizing solution. After wash-
ing, leukocytes were further stained with fluorescent-labeled
antibodies as indicated for individual experiments, fixed, and
stored for analysis.

In order to identify total cellular CB, expression in specific
B cells subsets, cells were pre-stained with B cell subset
markers (IgD, IgM, CD27, and CD38) prior to fixation,
permeabilization, and staining for CB,. This step prevented
the labeling of intracellular subset markers which can
otherwise result in misclassification. Cells were then 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 either a directly-conjugated anti-
CB, mAb (Alexa Fluor® 647-labeled mouse anti-human
CB,; clone #352114, 2 ug/tube, Novus Biologicals,
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Littleton, CO) or with the corresponding isotype-matched and
directly-conjugated anti-NK1.1 mAb (Alexa Fluor® 647-
labeled anti-mouse NKI1.1; clone #PK136, 2 pg/tube,
Biolegend) to assess non-specific background staining. All
cells were stained with fluorescent-labeled antibodies directed
against CD20 and CD3 to promote gating and 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
5 ug/mL anti-IgM (Jackson ImmunoResearch, West
Grove, PA), 100-250 ng/mL mega-CD40L (Enzo Life
Sciences, Farmingdale, NY), 100 ng/mL IL-21 (Peprotech,
Rocky Hill, NJ), and 100 ng/mL IL-4 (R&D Systems). Live
leukocytes were gated based on their FSC vs SSC profile and
phenotyped at day 0 (before culture) and day 2 to identify B
cell subsets and to determine CB, expression as already
described.

Multiparameter Flow Cytometry Multiparameter flow cy-
tometry was carried out using a FACScan II-plus cytometer
and SORP BD HTLSRII (BD Biosciences) with the acquisi-
tion of 5000—40,000 events depending upon the assay condi-
tions. 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 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 12 well plates with 1.5 x 10° 293 T or 293 T/
CB,-GFP cells/mL for 48 h at 37 °C in complete medium
composed of DMEM (Cellgro), 10% fetal bovine serum,
and 1% antibiotic-antimycotic solution. For mitochondrial or
lysosomal staining, 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 h at 37 °C. Cells were then washed
with pre-warmed DMEM or complete medium. MitoTracker-
stained cells were fixed and incubated with 1% paraformalde-
hyde for 20 min at 4 °C before mounting. LysoTracker-stained
cells were mounted and imaged immediately without fixation.
For endoplasmic reticulum (ER)-staining, cells were fixed and
incubated with 1% paraformaldehyde and treated with
permeabilizing solution. Cells were incubated with 200 pg/
mL Concanavalin A, Alexa Fluor® 594 (Molecular Probes)
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for 60 min in the dark at 4 °C. Cells were then washed with
PBS with 2% human AB serum. ER-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, organelle-
specific stained cells were fixed and incubated with 1% para-
formaldehyde 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 experi-
ment. Values are expressed as mean fluorescent intensities
(MFI) for each representative experiment. All other data are
presented as means of replicate experiments as detailed. The
difference between means was determined using a Wilcoxon
Signed-Rank Test with p < 0.05 accepted as statistically
significant.

Results

Heterogeneity of B Cell Populations and CB, Expression
in Leukocytes Obtained from Cord Blood, Adult
Peripheral Blood, and Tonsils In order to determine if sur-
face expression of CB, is a uniform feature of all B cell pop-
ulations 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. IgD vs CD38 and IgD vs IgM profiles were
assessed for all 3 sources of B cells. CD20" B cells recovered
from cord blood exhibited a homogeneous phenotype consis-
tent with naive mature B cells (IgD+/CD38Dim), 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 (Fig. 1a). Similarly, staining
with unconjugated anti-CB, mAb followed by secondary de-
tection with APC-labeled GAM ranged from homogeneous
and clearly positive on cord blood and peripheral blood B cells
to heterogeneous, with cells that appeared positive and others
that appeared negative, on tonsillar B cells. Cells that had been
stained under the same conditions with mAb directed against
an irrelevant antigen, mouse NK1.1, followed by APC-
labeled GAM were used to measure non-specific background
staining and to set the threshold for distinguishing between
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Fig. 1 Heterogeneity of B cell a Cord Blood Peripheral Blood Tonsils

populations and CB, expression in

leukocytes obtained from cord ] 87% .

blood, adult peripheral blood, and
tonsils (a) Leukocytes from
umbilical vein cord blood,
peripheral blood, and tonsils were
stained with fluorescent mAb 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*/ b Cord Blood

CD3" gate were also evaluated for
expression of extracellular CB,
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positive and negative CB, expression (Fig. 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 CB,, but Not Total Cellular CB,, is
Limited in Activated B Cells Recovered from Tonsils In
order to directly examine the relationship between B cell sub-
sets and CB, expression, gated CD20%/CD3" B cells from
human tonsils were classified into three defined subsets
(naive mature, activated, and quiescent memory; Fig. 2a)
and evaluated for both surface expression and total cellular
CB, expression by flow cytometry (Fig. 2b). In these experi-
ments, both the anti-CB, mAb and the anti-NK1.1 mAb, to
detect non-specific background staining, were directly conju-
gated with Alexa Fluor® 647. This detailed subset analysis
clarified that the expression of CB, that occured on the surface
of both naive mature (IgD*/CD38"™) and quiescent memory
(IgD /CD38") subsets was relatively homogeneous and
strongly-positive, while surface CB, expression on the surface
of the activated subset (IgD /CD38") ranged from negative to
dim-positive. Compared to the MFI for CB, expression by the

™ ™y

naive mature B cell subset, average MFI expression by the
activated B cell subset was reduced to only 32 = 10%
(p < 0.05), while MFI expression by the quiescent memory
B cell subset averaged 149 + 73% (p > 0.05; mean £ SD, n =6
experiments). When cells were permeabilized to detect total
cellular expression of CB, (intracellular plus cell membrane),
all three B cell subsets exhibited high expression of CB, with
the highest expression by the activated subset. When compared
to the MFI for intracellular CB, expression by naive mature B
cells, expression by activated B cells represented 205 + 69% of
this population, while expression by quiescent memory B cells
represented 107 = 5% (mean = SD, n = 3 experiments).

Malignant B Cell Lines Expressing an Activated
Phenotype Exhibit the Same Pattern of CB, Expression
as that Observed with Primary Activated B Cells from
Tonsils CB, has been described as an oncogene with en-
hanced expression of CB, by leukemia and lymphoma cell
lines (Jorda et al. 2003; Pérez-Gémez et al. 2015). Given the
expression pattern observed with tonsillar B cells, we hypoth-
esized that altered CB, expression might be associated with an
activated phenotype and that expression by these cells might
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Fig. 2 Surface expression of CB,,

but not total cellular CB,, 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

CD20* B Cells

IgD

patterns: (#1) naive mature, (#2) -
activated, and (#3) quiescent
memory. b B cells within each of
these three subset classifications

Ccb3g ——mMm

Cell Surface

Permeabilized
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reside primarily at an intracellular location. A B cell lympho-
ma cell line described as exhibiting the characteristics of acti-
vated B cells, SUDHL-4, was therefore assessed for both B
cell subset markers, IgD, CD38, and CD27 (Fig. 3a), and for
cell surface (Fig. 3b) and total CB, expression (Fig. 3¢) using
unconjugated anti-CB, or anti-NK 1.1 mAb followed by APC-
labeled GAM. As expected for the activated phenotype, these
cells were IgD /CD38*/CD27" (tonsillar activated B cells
were also CD27%, data not shown). Following the same pat-
tern as activated B cells from tonsils, SUDHL-4 cells did not
express cell surface CB,, 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).

Changes in CB, Expression when Human Naive B Cells
are Activated in Vitro and Acquire the Phenotype of
Activated B Cells The difference in CB, 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
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combination with mega-CD40L, anti-IgM, IL-21, and IL-4
as physiologic costimulatory signals. Activation was assessed
by changes in expression of cell surface IgD, CD27, and
CD38. At day 0, B cells start out in a naive mature state
(IgD*/CD38"™). At day 2, two distinct sub-populations
emerge, one still phenotypically naive (IgD") and the other
with an activated phenotype (IgD"). At day 2, both popula-
tions express the CD27 B cell activation marker consistent
with their exposure to cytokines and receptor targeted antibod-
ies (Fig. 4a). Each population was then examined for the ex-
pression of both cell surface CB, and total cellular CB, using
Alexa Fluor® 647-conjugated anti-CB, or anti-NK1.1 mAbs.
On day 0, cell surface CB, expression was obviously positive
as was intracellular expression. Similarly, the B cells that
remained phenotypically naive on day 2 (retention of IgD
expression) exhibited both cell surface and intracellular CB,.
However, surface expression of CB, decreased on those day 2
cells that simultaneously lost IgD expression and gained ex-
pression of CD27, consistent with having acquired a fully-
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 expres-
sion had been lost (Fig. 4b).
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Fig. 3 A malignant B cell line expressing an activated phenotype
exhibits the same pattern of CB, 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), CD38 (positive), and CD27 (positive).

—

Intracellular CB, is Expressed in a Diffuse but Punctate
Pattern and Demonstrates Co-Localization with
Endoplasmic Reticulum 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 con-
sistent and predominant form. Confocal microscopy was there-
fore 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 293 T cell line
transduced to stably express CB, (293 T/CB,-GFP). Detection
employed the Alexa Fluor® 647-conjugated anti-CB, mAb.
An identical appearing diffuse, but punctate, cytoplasmic dis-
tribution of CB, was observed in all three cases (Fig. 5a). Cells
stained in an identical manner using the Alexa Fluor® 647-
conjugated isotype control NK 1.1 mAb exhibited no detectible
fluorescence (data not shown). In order to compare expression
patterns to other organelle markers, cells from the 293 T/CB,-
GFP line were also stained with Concanavalin A-Alexa Fluor®
594, MitoTracker® Orange CMTMRos, and LysoTracker®
Red DND-99 reagents to determine ER, mitochondrial, and
lysosomal staining patterns, respectively (Fig. 5b). Lysosomal
staining shared no obvious features with the staining pattern for
CB,, but the ER and mitochondrial staining also exhibited a
diffuse but punctate pattern. Given prior evidence that A-9-

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. ¢ For total cell
expression of CB,, cells were fixed and permeabilized prior to
specific staining. Numbers represent relative MFI for staining on the
Y axis. Representative experiment shown, n = 3

tetrahydrocanabinol (THC), a prototypic cannabinoid that
binds to the CB, receptor, has potent effects on cell energetics
and mitochondrial membrane potential (Sarafian et al. 2003)
and that activation of CB, promotes endoplasmic reticulum
stress (Salazar et al. 2009), co-localization studies were carried
out to assess whether CB, is expressed in mitochondrial and/or
ER membranes (Fig. 5c). Despite some similarity in staining
pattern, no fluorescent co-localization was observed when mi-
tochondrial and CB, staining were imaged together in the
293 T/CB,-GFP cell line. However, extensive co-localization
of fluorescent images was observed when dual staining for ER
and CB, was carried out in cells from the 293 T/CB,-GFP line
and imaged by confocal microscopy. An identical pattern of co-
localization was also observed between the CB, receptor and
ER staining, but not CB2 and mitochondrial staining, in the
SUDHL-4 cell line (data not shown). Cell surface CB, also
co-localized with cell membrane markers when assessed in
the 293 T/CB,-GFP line (data not shown).

Discussion
The concept of CB, as a simple GPCR expressed on the surface

of human leukocytes (Graham et al. 2010; Klein et al. 2003) is
being challenged by a number of recent findings, including our
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Fig. 4 Changes in CB, 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 2 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 2)
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"). The IgD vs CD27 profile was also assessed. Numbers

imaging studies that employ a mAb against the N-terminal
domain of CB, to detect protein expression (Castaneda et al.
2013; Roth et al. 2015). Using a combination of multi-
parameter flow cytometry and flow-based imaging, we ob-
served that CB, can be expressed on the cell surface, as expect-
ed, 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 ex-
pression, was the predominant form (Castaneda et al. 2013).
While peripheral blood B cells expressed both cell surface
and intracellular CB,, 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

@ Springer

cb20 ——»

cb20 —»

represent relative MFI for staining on the Y axis. b Gated cells
exhibiting the phenotype of either naive (IgD*) or activated (IgD")
B cells were then independently evaluated for fluorescence produced
by an Alexa Fluor® 647-conjugated anti-CB, mAb. Live cells
were gated based on FSC vs SSC profile and were stained to
measure cell surface staining while total cell expression of CB,
(intracellular plus cell membrane) was determined in cells that
were fixed and permeabilized prior to CB, staining. Numbers
represent relative MFI for staining on the Y axis. Representative
experiment shown, n = 6

account for the pre-existing distribution of intracellular CBs,.
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 loca-
tions is an important feature of these receptors that promotes
functional heterogeneity with respect to downstream signaling
and biologic responses (Flordellis 2012; Gaudet et al. 2015).
Along these lines, there is growing evidence that intracellular
forms for both CB; and CB, are common and exert distinct
biologic effects (Brailoiu et al. 2011, 2014; Bernard et al. 2012).
In this setting, understanding the distribution, regulation, and
dynamic balance between cell surface and intracellular CB,
receptors is likely to provide important insight regarding can-
nabinoid receptor biology.
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ad CB2 Localization

Peripheral B Cell SUDHL-4

293T/CB,-GFP

b Intracellular Organelles

ER/DAPI Mitochondria/DAPI | Lysosome/DAPI

C Co-localization

Mitochondria

Fig 5 Intracellular CB, is expressed in a diffuse but punctate
pattern and demonstrates co-localization with endoplasmic
reticulum compartments (a) CD207/CD3™ B cells purified from
peripheral blood, cells prepared from the SUDHL-4 lymphoma
cell line, and 293 T/CB,-GFP cells were fixed, permeabilized,
and stained with an Alexa Fluor® 647-conjugated mAb against
CB; protein (displayed as magenta) and mounted with SlowFade®
Diamond Antifade Mountant with DAPI (blue) prior to examination by
confocal fluorescence microscopy. Magnification 63X; Scale Bar
25 um;10-20 sections/cell with an SP5 blue confocal microscope.
b 293 T/CB,-GFP cells were grown on poly-l-lysine coated
coverslips, fixed, permeabilized and stained with either
Concanavalin A (ER, red), MitoTracker (mitochondria, red), or
LysoTracker (lysosome, red) prior to mounting with SlowFade®
Diamond Antifade Mountant with DAPI (blue). CB, and mitochondrial
stained cells were fixed with 1% paraformaldehyde for 20 min at 4 °C and
later imaged. ER and lysosomal stained cells were imaged immediately
without fixation. Cells were imaged in 10-20 sections with an SP5 blue
confocal microscope. Magnification 63X; Scale Bar 25 pm. ¢ For
co-localization imaging with mitochondrial markers, 293 T-CB,-
GFP cells grown on poly-l-lysine coated coverslips were first
stained with MitoTracker (red) for 2 h 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 (top). For co-
localization with ER markers, 293 T-CB,-GFP cells grown on
poly-l-lysine coated coverslips were fixed, permeabilized, and stained
with anti-CB, mAb (green) and Concanavalin A (red) for 60 min at 4 °C.
Cells were immediately mounted without fixation and imaged in 10-20
sections with an SP5 blue confocal microscope (bottom). Magnification
63X; Scale bar 25 um

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 sub-
sets from these different sources were characterized as either
naive mature, activated, or quiescent memory B cells based on
their expression of IgD, IgM, CD27, and CD38 (Ettinger et al.
2005). When analyzed in this manner, it became clear that all
naive and quiescent 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 primarily the intracellular form of CB, (with
minimal to no surface staining), and in most cases the level of
intracellular CB, was higher than that observed in naive or mem-
ory 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 (Carayon
et al. 1998; Rayman et al. 2004). However, that study used a
polyclonal rabbit antibody that targeted a C-terminal CB, peptide
sequence and concluded that their findings represented the tran-
sition of CB, from an inactive to an “activated/phosphorylated”
state. It is plausible that their findings actually mirrored ours, but
features related to differences in receptor localization were not
appreciated due to differences in techniques.

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 re-
ceptor and has chemotactic properties that result in the selec-
tive homing of CB," and CB, B cells to different regions of
lymphoid follicles (Basu et al. 2013; Coke et al. 2016). We
addressed the potential linkage between B cell activation and
CB; expression using two different approaches. CB, is known
to be expressed by B cell lymphomas and has been described
as an oncogene (Jorda et al. 2003; Pérez-Gomez et al. 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 acti-
vation 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 et al.
2005). After 5 days in culture, the initial homogeneous popu-
lation of naive B cells had evolved into two obvious subsets:

@ Springer



552

J Neuroimmune Pharmacol (2017) 12:544-554

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 CB,, there was a clear
distinction between these two subsets with a loss of extracel-
lular CB, only on the activated subset. Collectively, the evi-
dence 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 intracel-
lular CB,, we employed a combination of confocal microsco-
py and marker co-localization studies to evaluate the distribu-
tion 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
293 T/CB,-GFP cell line that we had previously described
(Castaneda et al. 2013). Using the 293 T/CB,-GFP cell line,
we compared the distribution of CB, staining to the staining of
ER, 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 but
diffuse pattern of ER and mitochondrial staining shared some
similarities to the pattern observed with CB,. These represented
interesting observations given our prior findings that THC can
disrupt cell energetics and mitochondrial transmembrane po-
tential in airway epithelial cells in a CB,-dependent manner
(Sarafian et al. 2003, 2008) and evidence that intracellular
CB4 receptors might be expressed on subset of mitochondria
in hippocampal neurons (Bernard et al. 2012). However, we
noted no obvious co-localization between the CB, receptor and
mitochondrial markers when directly examined by dual stain-
ing and confocal microscopy. There has also been considerable
interest in the effects of cannabinoids and CB, activation on
endoplasmic reticulum stress-related targets that mediate au-
tophagy, apoptosis, and cell death in CB,-expressing cancer
cells (Salazar et al. 2009; Hernandez-Tiedra et al. 2016).
Interestingly, our studies do identify extensive co-localization
between the CB, receptor and an ER marker in both 293 T/
CB,-GFP and SUDHL-4 cells when directly examined by dual
staining and confocal microscopy. The presence of CB,
receptors in ER compartments may suggest alternative splice
forms that do not traffic to the cell membrane yet contribute to
the diversity of receptor signaling and ligand responses that are
observed with cannabinoids. The recent studies by Brailoiu
et al. (2014) provide striking evidence that cannabinoids can
induce both calcium influx through the cell membrane and the
release of calcium from intracellular stores and that these re-
sponses result from CB, receptor activation at different cellular
locations. In that work, which employed the malignant U20S
human osteosarcoma cell line expressing a CB,-[3-arrestin2-
GFP gene construct, CB, protein and calcium release were
localized to endolysosomes utilizing a combination of function-
al and imaging studies. Our studies have not yet addressed the
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presence of signaling or the functional role of the extensive
CB; receptor expression observed in the ER compartment.

In summary, we can conclude that the expression of CB, in
human leukocytes appears to be specifically regulated with re-
spect 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 com-
partments within lymphoid follicles (Basu et al. 2013; Coke et al.
2016), it is possible that modulating surface CB, during B cell
activation plays an important role in trafficking. The capacity for
T cells, dendritic cells, and malignant B cells to respond to can-
nabinoids in a CB,-dependent manner has been well character-
ized (McKallip et al. 2002; Roth et al. 2015; Yuan et al. 2002),
yet these cells do not express CB, on the cell surface. The logical
conclusion is that intracellular CB, must also be capable of me-
diating ligand-induced signaling and biological consequences.
With the recent report by 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 differ-
ent locations within a cell provides a mechanism for cells to link
receptor activation to different signaling and biologic conse-
quences, resulting in an expanded functional heterogeneity of
cannabinoids. The specific role of different receptors on biologic
function remains to be determined but will likely be very infor-
mative in understanding cannabinoid biology.
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