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Immune regulation by the endocannabinoid N-arachidonoyl dopamine (NADA)
Samira Khakpour Lawton

ABSTRACT

Arachidonic acid-based lipids, or eicosanoids, are well-known regulators of the
inflammatory response. While there are additional classes of eicosanoids that have also
been shown to possess immunomodulatory activity, such as the cannabinoids, they
remain largely unstudied. We have found that the endocannabinoid N-arachidonoyl
dopamine (NADA) decreases inflammatory responses in vitro in endothelial cells after
challenge with TLR agonists, and that this activity is dependent upon the cannabinoid
receptors (CB{R and CB3R). Furthermore, NADA dramatically reduces systemic
inflammation in murine models of bacterial lipopeptide, endotoxemia, and polymicrobial
intraabdominal sepsis. Consistent with its classification as a potent endovanilloid, the
activity of NADA in vivo depends upon the cation channel transient receptor potential
vanilloid 1 (TRPV1) expressed in non-hematopoietic cells and may be mediated through
neuronal TRPV1. Furthermore, the activity of NADA systemically, in endothelial cells,
and in the hematopoietic compartment is dependent upon CBzR. Finally, we show that
the immunomodulatory activity of NADA is mediated in part by its ability to regulate
prostanoid production, and its metabolism into the novel lipid prostaglandin D,-

dopamine. These data indicate that NADA can modulate inflammatory activation as
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both an endocannabinoid and endovanilloid, and suggests that these pathways may be

targeted therapeutically for the treatment of acute inflammatory disorders, such as

sepsis.
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CHAPTER 1

Background

Content in this chapter was modified from the following publication:

S Khakpour, K Wilhelmsen, and J Hellman. Vascular endothelial cell Toll-like receptor

pathways in sepsis. Innate Immunity. 2015 Nov;21(8):827-46.



Background

Acute inflammatory disorders, such as sepsis, remain a major healthcare
problem worldwide, with continued high morbidity and mortality (1). Sepsis remains the
primary cause of death from infection, and roughly half of patients who succumb to
sepsis die of multiple organ failure (2, 3) . Because the mechanisms underlying sepsis-
induced organ failure have yet to be fully unraveled, there remains a barrier to
developing sepsis-directed therapies (2, 3). Currently, sepsis is treated with
antimicrobial agents, localized control of the source of infection with surgery or
drainage, and the supportive care of dysfunctional or failing systems and organs (4).
With the recent negative outcomes of several Phase 3 clinical trials, there are currently
no approved sepsis-directed adjuvant therapies (1, 5-7). As a result, the need for novel
therapies for the treatment of sepsis and other acute inflammatory disorders remains
critical.

Endothelial cells are becoming increasingly recognized as being key active
participants in the host’s immune response to infection and injury, and contributors to
patient outcomes during sepsis (8, 9). Endothelial cells line the inner surface of blood
vessels and capillary beds, and serve as the interface between circulating blood and
surrounding tissues. The average human adult is estimated to contain over 1 ftrillion
endothelial cells, compared to approximately 20-50 billion peripheral blood mononuclear
cells (PBMCs) and 1-4 billion circulating monocytes (10-12). Endothelial cells
dynamically regulate vascular tone, play central roles in coagulation and hemostasis,
and are critically involved in the movement of leukocytes between the bloodstream and

extravascular tissues (Figure 1.1). Whereas a great deal is known about the effects of



microorganisms on leukocyte inflammatory pathways, substantially less is known about
their effects on endothelial cells, which have not classically been viewed as immune
cells. However, similar to leukocytes, endothelial cells express innate immune receptors
including Toll-like receptors (TLRs), which promote the expression of specific cytokines,
chemokines, and adhesion molecules (13-16). In addition, the activation of coagulation
cascades and increased vascular permeability may serve to create a physical barrier
that limits the spread of the infection into the bloodstream. Thus, proper functioning of
the endothelium is critical for the generation of the initial immune response during an
infection, including the activation and recruitment of leukocytes.

In contrast to the beneficial functions of the endothelium, dysregulated activation
of endothelial inflammatory pathways leads to pathologic coagulopathy with diffuse
microvascular thrombosis, increased leukocyte activation within multiple organs, and
capillary leak leading to intravascular hypovolemia and edema (17, 18). These
dysfunctional endothelial responses are believed to promote the life-threatening
syndromes of septic shock and sepsis-induced multiple organ failure. It is thus important
that endothelial inflammatory pathways must be properly regulated during the initial
stages of infection to prevent excessive inflammatory activation leading to endothelial
dysfunction. Furthermore, it becomes apparent that endothelial inflammatory pathways
may serve as important therapeutic targets for the treatment of inflammatory disorders,
such as sepsis.

Because sepsis involves the complex activation of numerous inflammatory
cascades, it is possible that more effective therapies may be distal and regulate a

variety of general outputs, including coagulation, permeability, and inflammation.



Cannabinoids are a structurally diverse group of lipophilic compounds that have been
shown to regulate a wide variety of inflammatory outputs throughout the body (19). As a
result, the cannabinoid system has been targeted clinically for the treatment of a
number of diseases, including diabetes, obesity, multiple sclerosis, allergic asthma,
rheumatoid arthritis, pain, colitis, anxiety, depression, and cancer (20-28). A subset of
cannabinoids, known as endocannabinoids, is endogenously produced. While
endocannabinoids have mostly been studied in leukocytes and neurons, they have
been shown to regulate vascular tone and endothelial cell adhesion molecule
expression in in vitro models of inflammation (29-36). Furthermore, the
endocannabinoid system has also been shown to regulate adhesion molecule
expression, hypotension, and mortality in in vivo endotoxemia models (37, 38). These
data suggest that the endocannabinoid system possesses diverse activity in the
endothelium. Identifying the role of the endocannabinoid system in the endothelium and
during sepsis models may lead to novel therapies for the treatment of sepsis and other

acute inflammatory disorders.
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Figure 1.1. Major outputs after endothelial cell TLR pathway activation.

Endothelial cell TLRs engage microbial- and host-derived factors present within the
vascular lumen to initiate inflammation. Activated endothelial cells (1) secrete cytokines
and chemokines and express adhesion molecules that facilitate leukocyte movement
between the blood and tissues at sites of infection and injury; (2) dysregulate
coagulation homeostasis by activating the tissue factor (TF) pathway, causing increased
levels of factors that induce thrombosis, and reduced levels of factors involved in clot
breakdown (fibrinolysis); and (3) increase permeability of the endothelium which results

in the movement of plasma fluid and proteins into tissues.



CHAPTER 2

The endocannabinoid/endovanilloid N-arachidonoyl dopamine (NADA) and
synthetic cannabinoid WIN55,212-2 abate the inflammatory activation of human

endothelial cells

Content in this chapter was modified from the following publication:

K Wilhelmsen, S Khakpour, A Tran, K Sheehan, M Schumacher, F Xu, and J Hellman.
The endocannabinoid/endovanilloid N-arachidonoyl dopamine (NADA) and synthetic
cannabinoid WIN55,212-2 abate the inflammatory activation of human endothelial cells.

Journal of Biological Chemistry. 2014 May 9;289(19):13079-100. Epub 2014 Mar 18.



Abstract

Although cannabinoids, such as A°-tetrahydrocannabinol, have been studied
extensively for their psychoactive effects, it has become apparent that certain
cannabinoids possess immunomodulatory activity. Endothelial cells (ECs) are centrally
involved in the pathogenesis of organ injury in acute inflammatory disorders, such as
sepsis, because they express cytokines and chemokines, which facilitate the trafficking
of leukocytes to organs, and they modulate vascular barrier function. In this study, we
find that primary human ECs from multiple organs express the cannabinoid receptors
CB1R, GPR18, and GPR55, as well as the ion channel transient receptor potential
cation channel vanilloid type 1 (TRPV1). CB2R is only minimally expressed in some EC
populations, in contrast to leukocytes. Furthermore, we show that ECs express all of the
known endocannabinoid metabolic enzymes. Examining a panel of cannabinoids, we
demonstrate that the synthetic cannabinoid WIN55,212-2 and the endocannabinoid N-
arachidonoyl dopamine (NADA), but neither anandamide nor 2-arachidonoylglycerol,
reduce EC inflammatory responses induced by bacterial lipopeptide, LPS, and TNFa.
We find that endothelial CB1R/CB2R are necessary for the effects of NADA, but not
those of WINS5,212-2. Furthermore, while TRPV1 inhibition exacerbates the LPS-
induced inflammatory response in ECs in the absence of cannabinoids, it further
reduces inflammation in the presence of WIN55,212-2 or NADA. These data indicate
that the endocannabinoid system can modulate inflammatory activation of the
endothelium and may have important implications for a variety of acute inflammatory

disorders that are characterized by EC activation.



Introduction

Cannabinoids are a structurally diverse group of lipophilic compounds that bind
the transient receptor potential cation channel vanilloid type 1 (TRPV1) and G protein-
coupled receptors, including cannabinoid receptors type 1 and 2 (CB1R and CB:R),
GPR18, and GPR55 (19). Although some cannabinoids, such as A°-
tetrahydrocannabinol, have been studied extensively for their psychoactive effects,
cannabinoids are also known to possess medicinal properties. However, support for
their use as therapeutic agents did not intensify until the discovery of the
endocannabinoid system in the early 1990s (39). The endocannabinoid system is
composed of a complex network of metabolic enzymes, arachidonic acid-based lipid
messengers (i.e. endocannabinoids), and their receptors (20, 40). N-
arachidonoylethanolamide (AEA; anandamide) and 2-arachidonoylglycerol (2-AG) are
the two most thoroughly studied endocannabinoids; however, other endocannabinoids
also exist, including 2-arachidonyl glycerol ether (Noladin ether), O-
arachidonoylethanolamine (virodhamine), N-arachidonoylglycine, and N-arachidonoyl
dopamine (NADA) (19). Although the functions of AEA and 2-AG in neuronal synaptic
plasticity have been substantially documented, the functions of these molecules outside
the nervous system, and the roles of the other endocannabinoids, are not as well
understood (41-44).

Cannabinoid receptors are expressed in immune cells. In particular, CB2R is
expressed at relatively high levels, especially in B-cells, natural killer cells, and
monocytes, and its activation can dampen the inflammatory response to infection (21,

45-47). In fact, targeting CB2R in leukocytes has been suggested as a therapy for



inflammatory disorders such as sepsis (24, 48-50). Although it is clear that several
plant-derived (i.e. phytocannabinoids) and synthetic cannabinoids possess
immunomodulatory activity, prior studies have primarily focused on their effects on
leukocytes and microglia without assessing their effects on the endothelium, which is
known to be centrally involved in acute inflammatory disorders such as sepsis (18, 51,
52). In sepsis, the persistent, direct, and unresolved engagement of endothelial Toll-like
receptors (TLRs) by microbial components, and the sustained secretion of endogenous
inflammatory mediators, such as TNFa and IL-18, lead to endothelial activation and
dysfunction (53-57). Ultimately, this contributes to the development of coagulopathy and
increased vascular permeability, which subsequently leads to multi-organ failure and
death (56). Therefore, therapeutically targeting components of the endothelial
endocannabinoid system may represent a novel approach to ameliorating the damaging
effects that occur during acute inflammatory disorders.

To this end, we sought to identify cannabinoids that are able to modulate EC
inflammation and delineate which components of the endocannabinoid system are
expressed by ECs. Using a panel of synthetic cannabinoids, phytocannabinoids, and
endocannabinoids, we found that the synthetic cannabinoid WINS5,212-2 and the
endocannabinoid NADA have the ability to dampen the activation of primary human
lung microvascular ECs (HMVECs) by a variety of inflammatory agonists, including
bacterial lipopeptides (TLR2 agonist), lipopolysaccharide (LPS) (TLR4 agonist), and
TNFa. Although the anti-inflammatory properties of WIN55,212-2 have previously been
described, only a few reports have described the physiological functions of NADA,

including its role in inflammation (23, 24, 34, 58-63).
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NADA was first described as a putative endocannabinoid in 2000, and was
subsequently also identified as an endovanilloid (64, 65). In mice, NADA was shown to
induce the following tetrad of physiological paradigms associated with cannabinoids:
hypothermia, hypolocomotion, catalepsy, and analgesia (64, 66-68). NADA has been
found to play a regulatory role in both the peripheral and central nervous systems and
displays antioxidant and neuroprotectant properties (65, 69-72). In addition to its
neurological effects, NADA has been implicated in smooth muscle contraction and
vasorelaxation in blood vessels (32, 73-75). Additionally, NADA has been observed to
suppress inflammatory activation of human Jurkat T-cells and to inhibit the release of
prostaglandin E; (PGE;) from LPS-activated astrocytes, microglia, and mouse brain
ECs (76-78). NADA also displays inhibitory activity in HIV-1 replication assays (79).
Finally, a recent report suggests that NADA can prevent the degranulation and release
of TNFa from RBL-2H3 mast cells treated with an IgE-antigen complex (80). Together,
these studies show that physiological functions attributed to NADA are multifaceted and
include the potential to modulate the immune response.

The binding specificity for the cannabinoid receptors differs between WIN55,212-
2 and NADA. Although WINS55,212-2 is a strong agonist of both CB1R and CB2R, NADA
displays approximately a 40-fold selectivity for CB4R over CB2R (19, 64, 81). Moreover,
the TRPV1 ion channel is activated by NADA but is inhibited by WIN55,212-2 (65, 82-
84). Therefore, we sought to determine the expression repertoire of the four G protein-
associated CBRs, and TRPV1, in different human primary endothelial cell niches. We
found that primary human ECs from multiple vascular beds all express CB1R, GPR18,

GPR55, and TRPV1 and differentially express CB;R at relatively low levels.
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Additionally, we determined that human ECs express all the endocannabinoid metabolic
enzymes identified to date. We find that CB4R/CB,R are necessary for the anti-
inflammatory properties of NADA but not WINS5,212-2. Furthermore, although TRPV1
inhibition further reduces the LPS-induced inflammatory activation of lung HMVECs in
the presence of WIN55,212-2 or NADA, paradoxically, TRPV1 inhibition augments
inflammation in the absence of the cannabinoids. Together, these results suggest that
human ECs have the machinery to metabolize and respond to NADA and that the
endothelial endocannabinoid system represents a novel target for inflammatory disorder

therapies.

Results

Endothelial cells from different vascular beds express a similar subset of
cannabinoid receptors and endocannabinoid metabolic enzymes

To determine which cannabinoid receptors are expressed in primary human
endothelial cells, mMRNA expression levels from HUVECs, HCAECs, brain, liver, and
lung microvascular ECs (HMVECs) were measured. cDNA derived from human
peripheral blood mononuclear cells (PBMCs) was used for comparison. Commercially
available assays designed to detect the presence of CNR1 (CB; receptor/CB4R), CNR2
(CB, receptor/CB2R), GPR18, GPR55, and the ion channel TRPV1 were utilized. Initial
results showed that ECs express CNR1, GPR18, and TRPV1, but not CNR2 nor
GPR55 (Figure 2.1, A-E, and Table 2.1). In contrast, PBMCs expressed CNRZ2 and
GPR55 in addition to the other receptors detected in ECs (Figure 2.1F and Table 2.1).

Although detectable in all cell lines, endothelial CNR1 expression was relatively low

12



and, in fact, was not detected in any of the ECs when an input of 5 ng of cDNA was
used (Table 2.1). To confirm the expression profile of CNR2 and GPR55 in ECs, gPCR
was repeated using different assays (assay 2) containing primers that recognize
different exons. Using the assay 2 mixes, GPR55 was detected in all the ECs tested,
and CNR2 transcripts were detected in HUVECs, brain HMVECs, HCAECs, and
PBMCs, although the levels were extremely low (Figure 2.1, G and H). CNR2 was not
detected with assay 2 in any of the ECs or the PBMCs when an input of 5 ng of cDNA
was used (Table 2.1). These results suggest that alternative splice variants of GPR55
and CNR2 may be expressed in different tissues.

To verify that CB4R, CB2R, GPR18, GPR55, and TRPV1 are expressed at the
protein level in the aforementioned cell types, immunoblotting was performed using
lysates derived from the same primary cells used in qPCR expression analysis. The
results appear to corroborate the qPCR expression analysis, although it was difficult to
determine the correct protein band in some blots due to excessive background protein
staining and to discrepancies between the observed and predicted or described
molecular weights (Figure 2.2). Nonetheless, we are confident that CB1R (protein band
1), GPR18, GPR55, and TRPV1 protein bands were definitively detected in ECs (Figure
2.2). However, in the CB1R immunoblot, a fainter protein band is detected at ~55 kDa in
the PBMC lysates (protein band 2), which is not present in ECs (Figure 2.2A). Because
this protein band more closely corresponds to the predicted molecular weight for CB4R
and is consistent with the relatively low expression of CNR1 in ECs, as observed in the
gPCR data, it may represent CB{R, suggesting this receptor is not detectable by

immunoblot in ECs (Figure 2.2A and Table 2.1). Additionally, in Figure 2.2B, if the
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protein band observed either at ~25 kDa (protein band 1) or ~52 kDa (i.e. the middle
band of the triplet found between 50 and 55 kDa; protein band 2) in the PBMC lane is in
fact CB2R, the results indicate that ECs do not express detectable quantities of this G
protein-coupled receptor, which would be consistent with our gPCR results using assay
1 (Figures 2.1 and 2.2B, and Table 2.1). Furthermore, several protein bands are in the
predicted or previously observed molecular weight ranges for TRPV1; however, in
comparison with ECs, some of these are not highly expressed in PBMCs (85, 86).
Taken together, the results from our CBR expression studies indicate that ECs express
CB+R, GPR18, GPRS55, and TRPV1 and possibly CB2R at very low levels.

The endocannabinoid system uses a complex network of metabolic enzymes to
regulate the synthesis and breakdown of the arachidonic acid-based endocannabinoids
(20, 40). Through literature review, we identified 10 enzymes involved in
endocannabinoid metabolism. We tested for the presence of these enzymes through
gPCR expression profiling in HUVECs and lung HMVECs, again using PBMCs for
comparison. Our results show that HUVECs and lung HMVECs express very similar
levels of all the endocannabinoid metabolic enzymes tested, including o/p-hydrolase-4,
-6, and -12 (ABHD4, ABHDG6, and ABHD12), diacylglycerol lipase o (DAGLA),
glycerophosphodiesterase  (GDE17), monoacylglycerol lipase (MGLL), N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD), and protein-tyrosine
phosphatase, nonreceptor type 22 (PTPNZ22) (Figure 2.3, A and B, and Table 2.2).
Additionally, fatty acid amide hydrolase 1 and 2 (FAAH and FAAH?2) were expressed in
ECs but at relatively low levels. We also found that PBMCs express all the enzymes

tested (Figure 2.3C and Table 2.2). These results suggest that ECs and PBMCs are
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able to regulate endocannabinoid metabolism.

NADA and WIN55,212-2 negatively regulate EC inflammatory activation
Cannabinoids have been reported to modulate the inflammatory activation of
leukocytes, but their effects on endothelial inflammation have not been thoroughly
investigated (24, 51). Because the inflammatory activation of ECs also plays a central
role in recruiting leukocytes and mounting immune responses, we decided to test a
panel of synthetic cannabinoids, phytocannabinoids and endocannabinoids, as well as
the TRPV1-activating compound capsaicin, for their ability to regulate the secretion of
IL-6 and IL-8 from lung HMVECs activated with the pro-inflammatory agonists FSL-1
(TLR2/6 ligand), LPS (TLR4 ligand), or TNFa. Specific cannabinoids and capsaicin
were chosen due to their ability to activate or inhibit the known cannabinoid receptors
(Table 2.3). Based on pilot experiments, we chose to pre-incubate lung HMVECs with
10 uM of each cannabinoid or capsaicin for 1 hour and then treat for 6 hours with the
inflammatory agonists while in the continuous presence of the compounds. After the 7
hours, we quantified IL-6 and IL-8 levels in culture supernatants. MTT assays were
used to ensure that changes in cytokine expression were not due differences in cell
viability. In the MTT assays, the ECs were incubated with 10 uM of the different
compounds for 7 hours. Figure 2.4 summarizes the combined inflammatory index
versus viability index for each cannabinoid tested. A detailed description on how the
indices were calculated can be found in the legends of Figure 2.4 and Table 2.4. Of the
compounds tested, only the endocannabinoid NADA (IL-6, p < 0.05; IL-8, p < 0.01) and

synthetic cannabinoid WIN55,212-2 (IL-6, p < 0.001; IL-8, p < 0.001) significantly
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reduced IL-6 and IL-8 secretion from ECs after inflammatory agonist treatment without
significantly affecting EC viability (MTT, p < 0.05) (Figure 2.4 and Table 2.4). We
therefore decided to further analyze the anti-inflammatory properties of these two
compounds in more detail. Of note, although the CB,;R agonist HU-308 appears to
display anti-inflammatory activity without grossly affecting the viability of ECs, we did not
follow up on this cannabinoid in this report because its effect on IL-6 and IL-8 secretion
was not statistically significant by our criteria (p < 0.05) and because of our inconclusive
results regarding CB2R expression in ECs (Figures 2.1, 2.2, and 2.4, and Tables 2.1
and 2.4). Also, although 10 uM CBD strongly inhibited cytokine secretion from all ECs
tested, we determined that this reduction was due to a substantial increase in cell death
(Figure 2.4 and Table 2.4). Lower concentrations of CBD (<1 uM) did not cause cell
death but also did not have a significant effect on cytokine secretion, and therefore, we

did not further pursue this phytocannabinoid (data not shown).

WIN55,212-2 inhibits lung HMVEC activation by inflammatory agonists
WIN55,212-2 is a well-studied synthetic compound and has been shown
previously to have anti-inflammatory activity in a variety of cells (34, 58-61). We first
analyzed the effects of WIN55,212-2 (0.1, 1, and 10 uM) on the FSL-1-, LPS-, and
TNFa-induced upregulation of IL-8 in lung HMVECs. We found that 10 uM WINS5,212-2
strongly inhibits the upregulation of IL-8 expression in lung HMVECs treated with all
three of the inflammatory agonists (Figure 2.5, A-C). More refined concentration curves
of WINS5,212-2 between 1 and 10 uM in FSL-1- and LPS-treated lung HMVECs

indicated that the I1Csq for WIN55,212-2 inhibition of IL-6 and IL-8 secretion is between
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2.96 and 3.94 uM (Figure 2.6, A-D). Importantly, we also observed that WIN55,212-2
concentrations of up to 100 uM do not effect cell viability (Figure 2.5D). Additionally, we
found that initiating treatment of lung HMVECs with WIN55,212-2 anytime from 2 hours
before to 2 hours after the addition of FSL-1 strongly reduced IL-6 and IL-8 secretion
(Figure 2.6, E and F). We next used a neutrophil adhesion assay to test the ability of
WINS55,212-2 to inhibit the binding of neutrophils to lung HMVECs activated with either
FSL-1, LPS, or TNFa. We found that WINS55,212-2 dose-dependently reduces the
adhesion of primary human neutrophils to lung HMVEC monolayers activated by all
three inflammatory agonists (Figure 2.5E, shown for FSL-1). These results all suggest
that WINS5,212-2 robustly inhibits the inflammatory activation of lung HMVECs without
affecting cell viability.

As mentioned previously, WIN55,212-2 has high affinity for both CB1R and CB2;R
and is reported to inhibit TRPV1 (19, 81, 83, 84). We first analyzed the effects of the
CB+R antagonist CP945598 and CB:R inverse agonist SR144528 together (0.1, 1, and
10 uM) on the LPS-induced upregulation of IL-6 and IL-8 in lung HMVECs in the
presence and absence of WIN55,212-2. We decided to use these inhibitors in
combination to exclude any possibility of compensation by one over the other, given the
uncertainty of CB2R expression in ECs. We found that the effects of WIN55,212-2 on IL-
6 secretion are only significantly abrogated in the presence of 0.1 uM
CP945598/SR144528 (p < 0.05), whereas IL-8 secretion is not significantly affected by
the inhibitors, suggesting that CB41R and CB;R may have only minimal effects on its
anti-inflammatory properties in ECs (Figure 2.5F, shown for IL-8). Note that we used 4

uM WINS5,212-2 in these assays to more closely match its 1Cso value (Figure 2.6). We
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next analyzed the effects of the TRPV1 antagonist AMG9810 (0.1, 1, and 10 uM) on the
LPS-induced upregulation of IL-6 and IL-8 in lung HMVECs pretreated with WIN55,212-
2. We found that in the presence of 10 uM AMG9810, the WIN55,212-2-dependent
decreases in IL-6 and IL-8 secretion were further reduced in LPS-treated lung HMVECs,
but surprisingly, in the absence of WINS5,212-2, the LPS-induced inflammatory
response was exacerbated in the presence of 10 uM AMG9810 (Figure 2.5G, shown for
IL-8). This suggests that TRPV1 promotes inflammation in the presence of WIN55,212-
2 but inhibits inflammation in its absence. Importantly, we did not observe significant
effects of AMG9810 at concentrations <10 uM, suggesting that these outcomes may be
due to the inhibition of another endothelial TRP channel such as TRPA1, -M8, -V3, or -

V4 (87, 88).

NADA, and not its chemical constituents arachidonic acid nor dopamine, reduces
lung HMVEC activation

We next focused on refining the anti-inflammatory properties of NADA in ECs
that were observed in our initial experiments (Figure 2.4). NADA is composed of
arachidonic acid (AA) and dopamine moieties covalently linked through an amide bond
(Figure 2.7A). Because several endocannabinoid hydrolase enzymes, such as
FAAH1/2, MAGL, and ABHD-4, -6, and -12, are expressed in ECs (Figure 2.3), it is
possible that either AA or dopamine, or a combination of the two, are responsible for the
observed anti-inflammatory properties. To explore this possibility, we compared the
effects of AA or dopamine alone, the two compounds in combination, or NADA alone on

FSL-1 and TNFa activation of lung HMVECs. Consistent with previous observations, we
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found that the presence of AA, either alone or in combination with dopamine, tends to
increase the expression of IL-8 by lung HMVECs when treated with either agonist,
whereas NADA again decreased cytokine secretion (Figure 2.7B, shown for FSL-1)
(89). Polymyxin B was used to show that the additional increase in IL-8 levels after FSL-
1 addition in the presence of AA was not due to LPS contamination. These results
suggest that NADA itself is directly responsible for the observed anti-inflammatory
effects and not its breakdown products AA or dopamine.

Catechol-O-methyltransferase (COMT) has been reported to partially inactivate
NADA and convert it into O-methyl-NADA (OM-NADA) in neurons (65, 90). We found
that ECs express COMT (data not shown), and hypothesized that NADA may also have
its dopamine moiety inactivated in ECs (Figure 2.8A). We found that COMT inhibition
with entacapone, or genetic silencing through COMT siRNA, further decreased LPS-
induced IL-6 and IL-8 secretion in the presence of NADA (Figure 2.8, B and C). These
results support the fact that NADA, and not its metabolites, is responsible for the anti-
inflammatory effects in ECs.

We also tested ethanol preparations of NADA from three different sources
(Sigma, Tocris, and Cayman) and found similar decreases in IL-8 secretion in LPS-
treated lung HMVECs when pre-incubated with either 10 or 20 uM NADA (Figure 2.9A).
Additionally, we found that NADA has no effect on cell viability or cell adherence as
measured by MTT and crystal violet (CV) assays, respectively, up to 20 uM in vitro, but
that higher concentrations did cause significant cell death within 7 hours (Figure 2.7, C
and D). It is possible that at higher concentrations NADA may cause EC death via

oxidative stress, similar to results reported for hepatic stellate cells (91).
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NADA reduces pro-inflammatory cytokine secretion and neutrophil adherence to
lung HMVECSs activated by inflammatory agonists

Next, we found that NADA dose-dependently inhibits the upregulation of IL-6 and
IL-8 expression in lung HMVECs treated with FSL-1, LPS, or TNFa (Figure 2.10, A-F).
The 1Cs values for NADA's inhibitory effects on LPS-induced secretion of IL-6 and IL-8
from lung HMVECs were 12.79 and 18.00 uM, respectively (Figure 2.9, B and C).
Additionally, like WINS55,212-2, we found that initiating treatment of lung HMVECs with
NADA anytime starting 2 hours before and up to 2 hours after adding FSL-1 strongly
reduced the upregulation of both IL-6 and IL-8 (Figure 2.9, D and E). Using flow
cytometry, we also determined that NADA reduces the surface expression of E-selectin
on HUVECs activated with FSL-1, LPS, or TNFa, suggesting that NADA may reduce
the adhesion of leukocytes to the endothelium (Figures 2.11 and 2.12). To test this, we
performed a neutrophil adhesion assay (92). We observed that NADA dose-
dependently reduces the adhesion of primary human neutrophils to lung HMVEC
monolayers activated by any of the inflammatory agonists (Figure 2.13, A-C). These
results indicate that NADA can directly dampen the activation of human ECs by both

exogenous and endogenous inflammatory mediators.

NADA and WIN55,212-2 do not reduce the permeability of lung HMVEC
monolayers
Increased permeability of the vascular endothelium is a hallmark of acute

inflammatory disorders such as sepsis, and it is believed to contribute to the
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pathogenesis of organ injury and failure (18, 56). We utilized electric cell-substrate
impedance sensing (ECIS) to quantify the effects of NADA and WIN55,212-2 on
endothelial permeability induced either by FSL-1, LPS, or TNFa. ECIS uses TER to
measure electrical current as a surrogate for endothelial permeability. A reduction in
TER is consistent with increased permeability. We found that treatment of lung HMVEC
monolayers with NADA or WIN55,212-2 did not affect the FSL-1-, LPS-, or TNFa-
induced decreases in TER (data not shown). Together, these results suggest that
NADA and WIN55,212-2 may not modulate inflammation-induced endothelial

permeability.

Effects of CB1R/CB2R and TRPV1 inhibition on the anti-inflammatory properties of
NADA

NADA is an agonist for CB4R and CB2R with differing affinities and can activate
the TRPV1 channel (i.e. induce cation influx) (64, 65, 82). We analyzed the effects of
the CB4R/CB2R inhibitors CP945598/SR144528 (0.1, 1, and 10 uM) on the LPS-
induced upregulation of IL-6 and IL-8 in lung HMVECs in the presence of NADA. We
found that 0.1 and 1 uM CP945598/SR144528 strongly abated the NADA-dependent
decrease in IL-6 and IL-8 secretion in LPS-treated lung HMVECSs, whereas at the higher
concentrations (10 uM) they actually facilitated the NADA-dependent reduction in
cytokine secretion in LPS-activated ECs (Figure 2.14, A and B). Because CP945598
and SR144528 display subnanomolar potency in binding and functional assays, the
effects at 0.1 and 1 uM may reflect specific inhibition of CB1 and CB, receptors,

whereas the outcomes observed at 10 uM may represent off-target effects (93-95).
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Therefore, the anti-inflammatory effects of NADA may be at least partially due to
agonism at CB+4R and/or CB2R. We next analyzed the effects of the TRPV1 antagonist
AMG9810 (0.1, 1, and 10 uM) on the LPS-induced upregulation of IL-6 and IL-8 in lung
HMVECs pretreated with NADA. We found that the presence of 10 uM AMG9810
augmented NADA-dependent decreases in IL-6 and IL-8 by LPS-treated lung HMVECs.
Conversely, in the absence of NADA, the LPS-induced inflammatory response was
exacerbated in the presence of 10 uM AMG9810 (Figure 2.14, C and D). This suggests
that TRPV1 promotes inflammation in the presence of NADA but inhibits inflammation in
its absence. Like our studies with WIN55,212-2, we did not observe significant effects of
AMG9810 at concentrations <10 uM, again suggesting that these outcomes may be due
to the inhibition of another endothelial TRP channel such as TRPA1, -M8, -V3, or -V4
(87, 88). However, we found that NADA dose-dependently induces Ca** influx into lung
HMVECs (Figure 2.14E). Furthermore, this Ca®* influx was observed in NADA-treated
wild-type (WT), but not Trov1”, primary murine lung endothelial cells (Figure 2.14F). In
these experiments, 10 uM ATP was used as a positive control (96). These data indicate

that NADA is an agonist for endothelial TRPV1.

Human ECs express the dopamine biosynthetic enzyme DDC but endogenous
NADA was not detected in lung HMVECs

Two potential biosynthetic routes have been postulated to be responsible for the
production of NADA in cells (65, 97, 98). One route requires the direct ligation of
dopamine to AA. The other route first requires the ligation of tyrosine to AA to form N-

arachidonoyl tyrosine. The tyrosine moiety is subsequently converted to L-DOPA by TH
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to generate N-arachidonoyl-DOPA, and then the L-DOPA moiety is converted to
dopamine by DDC to produce NADA (Figure 2.15A). Using qPCR expression analysis,
we determined that both HUVECs and lung HMVECs express DDC, but not TH,
although PBMCs express neither and, as expected, adrenal tissue express high levels
of both DDC and TH (Figure 2.15, B and C). These results suggest that in human ECs
only the first biosynthetic route for NADA is possible. However, because TH has been
detected in murine liver sinusoidal ECs, the mechanisms of NADA synthesis may vary
in different EC niches or species (91). We next attempted to quantify endogenous
NADA in lysates of lung HMVECs. Using an LC-MS/MS method developed at Cayman
Chemical Co., NADA was not detected in lung HMVEC lysates either before or after
activation by FSL-1, LPS, or TNFa (data not shown). In the absence of technical issues,
such as the inefficient isolation of NADA from lung HMVEC lysates or its degradation
prior to LC-MS/MS analysis, this result indicates that lung HMVECs do not

endogenously express NADA.

Discussion

We have identified the endocannabinoid/endovanilloid NADA and the synthetic
cannabinoid WINS5,212-2 as potent modulators of the inflammatory activation of the
endothelium. Other endocannabinoids, including AEA and 2-AG, did not exhibit this
immunomodulatory property. Both NADA and WIN55,212-2 reduce the secretion of pro-
inflammatory cytokines and the adherence of neutrophils to lung HMVECs activated by
bacterial TLR agonists or TNFa. Importantly, our expression profiling data show that

primary human ECs express CBRs, TRPV1, and all of the endocannabinoid metabolic
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enzymes that have been identified to date. These results strongly support the
hypothesis that the endothelial endocannabinoid system represents a novel immune
regulatory system that could be exploited therapeutically to ameliorate the deleterious
effects of dysregulated inflammation in a variety of disorders, including sepsis and
noninfectious inflammatory syndromes.

We transcriptionally detected the expression of CNR1, GPR18, GPR55, and
TRPV1 in all five EC types tested. CNR2, however, was only detected at low levels in
HUVECs, brain HMVECs, and HCAECs by only one of the two primer sets tested
(assay 2). However, we were unable to detect CB2R in ECs by immunoblot, suggesting
that if present the CB2R is expressed at extremely low levels. The expression of CB4R
in ECs is fairly well documented, but the expression of CB,R in ECs is more
controversial (99-104). For example, other investigators have reported the expression of
CB2R in HCAECs and brain HMVECs but not in HUVECs, and interestingly,
inflammatory agonists and 2-AG have been observed to induce CB2R upregulation in
brain HMVECs (101, 104-107). Therefore, the detection of CB2R in EC cultures may
depend on several factors, including the EC niche, detection method, and inflammatory
state, and on the health, passage number, or growth conditions of the ECs.
Nonetheless, the synthetic CB2R agonists JWH133, HU-308, and O-1966 have been
reported to reduce the LPS- and TNFa-induced inflammatory activation of both
HCAECs and brain HMVECs and protect barrier function in LPS-treated brain HMVECs
(101, 105). Consistent with these results, we observed an anti-inflammatory trend with
HU-308 when administered to activated lung HMVECs. Based upon this information, an

anti-inflammatory role for CB2R in ECs cannot be excluded.

24



We found that the hydrolases FAAH, FAAH2, MAGL, and ABHD4, -6, and -12
are expressed in ECs. Because these enzymes are involved in catabolism of the
endocannabinoids AEA and 2-AG, both of which have been reported to reduce
inflammation, and NADA has been reported to inhibit both FAAH and MAGL, the
observed anti-inflammatory properties of NADA may be indirectly due to increases in
either AEA or 2-AG levels (36, 58, 64, 108-113). Furthermore, these hydrolases may
catabolize NADA to its constituents AA and dopamine, which themselves could
potentially diminish EC activation. However, we did not observe a significant change in
IL-6 and IL-8 secretion from ECs treated with inflammatory mediators in the presence of
either AEA or 2-AG (Figure 2.4). In fact, 2-AG exhibited a pro-inflammatory trend with
IL-8, which is consistent with findings in several published reports (114-116).
Additionally, AA also appears to augment inflammation, suggesting that the breakdown
of NADA is not a prerequisite for the observed inflammatory reduction. Therefore, it is
unlikely that NADA exerts its immunomodulatory effects via the production of AEA and
2-AG or through its catabolism to AA and dopamine, although it is possible that the
exogenous application of AA, AEA, or 2-AG to ECs in vitro does not replicate their in
vivo effects on the endothelium.

We observed that NADA concentrations of >1 uM were necessary to elicit its
immunomodulatory properties in vitro. Although these levels of NADA are unlikely to be
present in the circulation, the observed activity of NADA at this concentration may be
functionally significant for several reasons. First, many of NADA’s targets are
intracellular, including its binding site on TRPV1 (70, 117-119). This suggests that

NADA must be imported into the cell prior to acting on its receptors when added
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exogenously. The anandamide (or endocannabinoid) membrane transporter has been
reported to facilitate NADA transport into the cell. Therefore, higher exogenous NADA
concentrations may be necessary to efficiently overcome this rate-limiting step or,
alternatively, the activity of the anandamide membrane transporter may not be optimal
in vitro (82, 120-122). Second, the lack of a concurrently activated allosteric pathway
(e.g. PKC) or allosteric mediators (e.g. ATP or low pH), or low expression level of the
effectors themselves, may reduce the efficacy of NADA in vitro (123-126). These
instances indicate that higher concentrations of NADA would be necessary to induce
activation of its effectors. Third, relatively high exogenous concentration of NADA may
be necessary to overcome its metabolism to a less active form, such as a 3-O-methyl
derivative (65). Finally, the concentrations of NADA used in our studies are consistent
with, or even lower than, those typically used to elicit the effects of histamine on ECs in
vitro, a compound known to directly activate and induce permeability of the endothelium
in vivo (3, 127-131).

NADA and WIN55,212-2 have been reported to activate CB1R and CB2R on cells
(19, 64, 81). Therefore, we determined the contribution of these receptors to the anti-
inflammatory properties of NADA and WIN55,212-2 in ECs. The combination of the
CB+R antagonist and CB2R inverse agonist abrogated the anti-inflammatory properties
of NADA, which suggests that CB1R and/or CB2R are necessary to elicit the anti-
inflammatory properties of NADA in LPS-activated lung HMVECs. In contrast, the
inhibitors did not reduce the anti-inflammatory properties of WIN55,212-2, which is
unexpected given the high affinity of WINS5,212-2 for both CB4R and CB2;R (132).

Possible explanations are that these inhibitors do not prevent the high affinity binding of
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WIN55,212-2 to CB1R and/or CB2R or that WIN55,212-2 modulates inflammatory
activation of ECs via alternative mechanisms.

To determine the role of TRPV1 in EC inflammation, we utilized AMG9810, a
competitive antagonist of TRPV1. Although AMG9810 further reduces the LPS-induced
inflammatory activation of ECs in the presence of either WIN55,212-2 or NADA,
AMG9810 augments inflammation in their absence. This suggests that cannabinoids
may switch the role of TRPV1 from an anti-inflammatory to a pro-inflammatory receptor
in ECs, and in conjunction with NADA, TRPV1 may regulate endothelial inflammatory
homeostasis. Indeed, we observed that NADA causes a dose-dependent transient
increase in calcium levels in ECs, which may promote inflammatory signaling pathways,
consistent with its role in activating endothelial TRPV1, the only known ion channel
known to be ligand-gated by NADA (65, 82, 133-136). Our results suggest that
WIN55,212-2 does not exert its endothelial anti-inflammatory properties via its reported
inhibition of TRPV1, as the TRPV1 antagonist augments the anti- inflammatory effects
of WIN55,212-2 (83, 84). However, these previous studies were performed primarily in
neurons, and the modulation of TRPV1 by WIN55,212-2 may differ between neurons
and ECs. It is also possible that our observations were due to the effects of AMG9810
on other TRP channels (87, 88).

Targets other than the endocannabinoid and endovanilloid receptors have also
been described for both NADA and WIN55,212-2 (34, 64, 75, 78, 82-84, 113, 132, 137-
142). Many of these, including PPAR-a, PPAR-y, and calcineurin, are expressed in ECs
and can themselves modulate endothelial inflammatory outputs (78, 83, 84, 143-145). In

fact, WIN55,212-2 has been reported to reduce inflammation in murine brain ECs
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through PPAR-y, independent of CB1R and C CB:R, which is consistent with our
observations using combined CB{R antagonist and CB,R inverse agonist (34, 143,
144). Furthermore, NADA has also been reported to downregulate secretion of the
inflammatory mediator PGE, from LPS-treated cells, unlike AEA, whose catabolism to
AA enhances PGE; release (76, 77, 146, 147). Therefore, in addition to CB{R/CB2R
and TRPV1, NADA and WIN55,212-2 may modulate endothelial inflammation by
additional mechanisms.

Studies in neurons have shown that the NADA-dependent activation of
CB4R/CB2R and TRPV1 can exhibit disparate outcomes within the same cell (118). The
canonical pathway activated downstream of CB1R/CB2R leads to the inhibition of protein
kinase A (PKA) through the Gj, proteins (148). However, the PKA-dependent
phosphorylation of TRPV1 augments its sensitization, and correspondingly, a reduction
in PKA activity will lead to its inactivation, opposing the agonist activity of NADA at
TRPV1 (149). Therefore, NADA may diametrically regulate the influx of cations into the
cell by either inducing or reducing cation influx via TRPV1 and CB{R/CB:R,
respectively, to modulate neuronal homeostasis (118). This dual modulatory effect of
NADA has previously been proposed to fine-tune the transmission of glutamate onto
dopamine neurons and explain such observations that NADA has both pro- and anti-
nociceptive properties (70, 72). Based on our observations that NADA may reduce
inflammation through CB{R/CB2R, but promote inflammation through TRPV1, a logical
conclusion is that NADA may also fine-tune the inflammatory activation of ECs (150). A
model based on our observations with NADA in LPS-treated lung HMVECs is shown in

Figure 2.16, and a summation can be found in the figure legend.
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Recent findings using TRPV1 knockout mice in sepsis models indicate a
protective role for TRPV1, which is consistent with our observations that inhibition of
TRPV1 in ECs augments the LPS-induced inflammatory response in the absence of
cannabinoids (Figures 2.5G, 2.14, C and D, and 2.16) (151, 152). In these published
studies, the loss of TRPV1 exacerbates the inflammatory response to infection. This is
analogous to the reported effects of deleting the nicotinic acetylcholine receptor a7
subunit (a7nAChR), another cation channel (153). The vagus nerve transmits action
potentials via the ganglia to peripheral nerves that terminate in organs, where they
stimulate the release of the neurotransmitter acetylcholine (ACh) from T-cells (154). The
ACh-induced activation of a7nAChR on leukocytes inhibits pro-inflammatory signaling
pathways in these cells (155). Because endogenous NADA has thus far only been
detected in various parts of the central and peripheral nervous systems, it is
conceivable that it may be a component of the inflammatory reflex arc that regulates EC
inflammation, analogous to the role of ACh and a7nAChR in leukocyte inflammatory
regulation (65, 70, 156). Interestingly, in the brain there is a close association of ECs
and perivascular nerves within the neurovascular unit (157, 158). In such areas, the
secretion of NADA from perivascular nerves onto brain microvascular ECs may directly
modulate neuroinflammation. We speculate that a similar process may occur within
visceral organs, whereby the release of NADA from varicosities on innervating efferent
nerve axons directly regulates the inflammatory activation of microvascular ECs.
Analogous to neuromuscular junctions on smooth muscle, these putative
neuroendothelial junctions would not require specialized structures on the endothelial

cells (159). This highly speculative model additionally predicts that localized,
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physiologically relevant concentrations of NADA may be achieved at neuroendothelial
junctions.

In conclusion, our studies indicate that the endocannabinoid/endovanilloid NADA
and the synthetic cannabinoid WINS5,212-2 potently reduce the activation of human
ECs in response to endogenous and exogenous inflammatory agonists. Furthermore,
our results identify the endothelial endocannabinoid system as a novel regulator of
endothelial inflammatory activation. Although further studies are required to thoroughly
elucidate the mechanisms of endocannabinoid function in ECs, our observations may
have important implications for a variety of acute inflammatory disorders that are
characterized by endothelial activation and dysfunction and cause organ injury and

failure, such as sepsis and ischemia-reperfusion injury.
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Figure 2.1
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Figure 2.1. ECs express a similar subset of CBR mRNA transcripts.

HUVECs (multiple donors) (A, G, and H), brain HMVECs (two donors) (B, G, and H),
liver HMVECs (one donor) (C, G, and H), lung HMVECs (one donor) (D, G, and H), and
HCAECs (one donor) (E, G, and H) were grown in their respective media and lysed with
TRIzol upon confluency. PBMCs (three donors) (F, G, and H) were immediately lysed
upon isolation. Three biological replicates were analyzed for each donor. The mean C;
value for HPRT1 and GUSB was used as the reference in calculating the AC; values
(Table 2.1) for each biological replicate as described in Materials and Methods. 80 ng of
cDNA was analyzed for each sample. The relative quantification (RQ) values shown in
the graphs are relative to lowest detectable expressing CBR gene for each cell type (A-
F) or lowest detectable expressing cell type for each gene (G and H). When gene
expression was not detected in more than half of the technical replicates, it was defined
as not expressed (nde, not detectably expressed). Because CNR1 and GPR55 were not
initially detected using assay 1, a second gene assay (assay 2) was performed using

different primers to re-assess expression in the same samples (G and H).
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Figure 2.2
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Figure 2.2. ECs express CBR and TRPV1 proteins.

HUVECSs, brain, liver, and lung HMVECs, and HCAECs were grown to confluency in 6-
well plates and lysed with RIPA-LB. CB+4R (A), CB2R (B), GPR18 (C), GPR55 (D), and
TRPV1 (E) protein levels were assessed by immunoblot using the indicated antibodies.
PBMCs were immediately lysed in RIPA-LB upon isolation. B-actin levels were
assessed as a loading control (bottom panels) (A—E). Arrows indicate candidate CBR or
TRPV1 protein bands. For reference, the predicted molecular weight and the molecular

weight indicated in the respective products sheets are shown.
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Figure 2.3
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Figure 2.3. ECs express the same subset of endocannabinoid metabolic enzymes.

HUVECs (multiple donors) (A) and lung HMVECs (one donor) (B) were grown in their
respective media and lysed with TRIzol upon confluency. PBMCs (one donor) (C) were
immediately lysed upon isolation. The samples were analyzed as described in Figure 1.

RQ, relative quantification.
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Figure 2.4
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Figure 2.4. NADA and WIN55,212-2 significantly decrease IL-6 and IL-8 secretion

from ECs without affecting cell viability.

Levels of IL-6 and IL-8 were quantified in supernatants of lung HMVECs that were
pretreated for 1 hour with 10 uM of the indicated CBR agonist/antagonist and then
treated with either 10 ug/mL FSL-1 or LPS or with 100 ng/mL TNFa for an additional 6
hours while in the continuous presence of inhibitor. The relative viability of HUVECs or
lung HMVECs was determined by an MTT assay after incubation with 10 uM of the
indicated CBR agonist/antagonist, DMSO, or ethanol control for 7 hours. To calculate
the inflammatory indices, the relative inflammatory index in each independent
experiment for each CBR agonist/antagonist was first calculated (i.e. the average
cytokine concentration for the samples treated with both the inflammatory agonist (FSL-
1, LPS, or TNFa) and CBR agonist/antagonist divided by the average cytokine
concentration for the samples treated with inflammatory agonist alone; n=3 minimum).
Then, the means of these relative indices for each CBR agonist/antagonist were plotted
on the graph (n=4-5; see Table 2.4 for the n value breakdowns for the different
inflammatory agonists). The MTT viability indices were calculated in the same manner.
The region of interest (shaded gray area) indicates CBR agonists/antagonists that
decrease or increase cytokine expression by more than 20% versus control (those
compounds with inflammatory indices <0.8 and >1.2, respectively) and do not decrease
or increase viability by more than 20% versus control (those compounds with viability
indices between 0.8 and 1.2). *, CBR agonists/antagonists that have a significant (p <
0.05) effect on IL-6 and IL-8 secretion, without significantly (p < 0.05) affecting viability

(e.g. NADA and WINS5,212-2). Note: solutions of AEA in ethanol and Tocrisolve were
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tested with similar results. The calculated results, including mean, S.E., and p values,

are shown in Table 2.3. abnCBD, abnormal CBD.
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Figure 2.5
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Figure 2.5. WIN55,212-2 reduces the inflammatory activation of lung HMVECs

without affecting viability.

(A-C) Levels of IL-8 were quantified in the supernatants of lung HMVECs that were
pretreated for 1 hour with the indicated concentrations of WINS5,212-2 and then treated
with either 10 ug/mL FSL-1 (A) or LPS (B) or 100 ng/mL TNFa (C) for an additional 6
hours while in the continuous presence of WIN55,212-2 (n=3). NS, not significant; **, p

< 0.01; FSL-1 versus FSL-1 plus WIN55,212-2.

(D) MTT assay was performed on lung HMVECs that were treated for 7 hours at the
indicated concentrations of WIN55,212-2. Control samples were incubated with a
concentration of DMSO equivalent to that present in the WINS5,212-2-treated samples.

NS, not significant

(E) Lung HMVECs were pretreated for 1 hour with the indicated concentrations of
WIN55,212-2 and then treated with 10 ug/mL FSL-1 for an additional 3 hours while in
the continuous presence of WIN55,212-2. The lung HMVECs were then washed and
calcein AM-labeled primary human neutrophils were allowed to adhere for 20 minutes.
Non-adherent neutrophils were subsequently removed, and the percentage of

remaining adherent neutrophils was calculated (n=3). **, p < 0.01; ANOVA.

(F) Levels of IL-8 were quantified in the supernatants of lung HMVECs that were
pretreated for 30 minutes with either 0.1, 1, or 10 uM CP945598/SR144528 and then
incubated for another 30 minutes with 4 uM WINS5,212-2 in the presence of

CP945598/SR144528. ECs were then treated with 10 ug/mL LPS for an additional 6
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hours while in the continuous presence of CP945598/SR144528 and/or WIN55,212-2

(n=3). Crystal violet readings between samples were not significantly different

(G) Cells were treated and analyzed similarly as (F), except using the TRPV1 inhibitor
AMG9810 (n=4). Crystal violet readings for the samples treated with AMG9810 (10 uM)
displayed a significant decrease in cell adherence (p < 0.01). F and G, t tests (black):
NS, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; LPS versus LPS plus
CP945598/SR144528 or AMG9810 and/or WIN55,212-2. ANOVA (red): NS, not
significant; **, p < 0.01, LPS plus WIN55,212-2 versus LPS plus WIN55,212-2 and
CP945598/SR144528 or AMG9810. WIN55,212-2 ELISAs were performed three times,

and the MTT and neutrophil adhesion assays were performed two times.
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Figure 2.6
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Figure 2.6. WIN55,212-2 inhibits the inflammatory activation of ECs when added

prior to or after treatment with inflammatory agonists.

Levels of IL-6 (A, C and E) and IL-8 (B, D and F) were quantified in the supernatants of
lung HMVECs that either were pre-treated for 1 hour with the indicated concentrations
of WINS5,212-2, and then treated with either 10 ug/mL of FSL-1 (A and B) or LPS (C
and D) for an additional 6 hours while in the continuous presence of WIN55,212-2 (n=4),
or treated up to 2 hours prior to or 2 hours after the addition 10 ug/mL of FSL-1 (E and
F). FSL-1 was added for exactly 6 hours, and once WINS5,212-2 was added it was
continuously present until the supernatants were collected (n=4) (E and F). The ICs
value indicates the concentration of WIN55,212-2 required to reduce the maximum
cytokine concentration induced by inflammatory agonist by half. **p < 0.01,
inflammatory agonist versus inflammatory agonist plus WINS5,212-2. All experiments

were performed 2 times.
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Figure 2.7
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Figure 2.7. NADA, and not its chemical constituents AA and dopamine, reduces
IL-8 secretion from lung HMVECs activated with FSL-1, and concentrations of

NADA less than 20uM do not affect lung HMVEC viability.

(A) NADA is composed of AA and dopamine moieties covalently linked by an amide

bond.

(B) Levels of IL-8 were quantified in the supernatants of lung HMVECs that were
pretreated for 1 hour with either 10 uM of AA, 10 uM of dopamine, 10 uM of both AA
and dopamine, or 10 uM NADA and then treated with 10 ug/mL FSL-1 for an additional
6 hours while in the continuous presence of AA, dopamine, or NADA (n=4). Polymyxin B
at 50 ug/mL was added to each sample for the duration of the experiment. NS, not

significant; *, p < 0.05; **, p < 0.01, FSL-1 versus FSL-1 plus AA, dopamine, or NADA

(C and D) An MTT (C, n=4) and crystal violet (D, n=4) assay was performed on lung
HMVECs treated for 7 hours at the indicated concentrations of NADA. Control samples
were incubated with a concentration of ethanol equivalent to that present in the NADA-
treated samples. NS, not significant; **, p < 0.01; NADA versus ethanol control. The IL-8
ELISA was performed three times, and the MTT and crystal violet assays were

performed two times.
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Figure 2.8
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Figure 2.8. NADA inhibits the inflammatory activation of ECs when added prior to

or after treatment with inflammatory agonists.

Levels of IL-6 (B and D) and IL-8 (A, C and E) were quantified in the supernatants of
lung HMVECs that either were pre-treated for 1 hour with the indicated concentrations
of NADA, and then treated with either 10 ug/mL of LPS (A-C) for an additional 6 hours
while in the continuous presence of NADA (n=3-4), or treated up to 2 hours prior to or 2
hours after the addition 10 ug/mL of FSL-1 (D and E). FSL-1 was added for exactly 6
hours, and once NADA was added it was continuously present until the supernatants
were collected (n=4) (D and E). Ethanol solutions of NADA purchased either from
Sigma, Tocris or Cayman Chemical were used in the comparison assay in panel A,
while NADA from sigma was used in panels B-E. The ICso value indicates the
concentration of NADA required to reduce the maximum cytokine concentration induced
by LPS by half. **p < 0.01, inflammatory agonist versus inflammatory agonist plus

NADA. All experiments were performed two times.
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Figure 2.9
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Figure 2.9. Inhibition or silencing of COMT expression enhances NADA activity in

lung HMVECs.

(A) The dopamine moiety of NADA can be inactivated by COMT to generate O-methyl-

NADA (OM-NADA).

(B) Levels of IL-6 were quantified in the supernatants of lung HMVECs that were
pretreated for 1 hour with 10 uM NADA and 0.1 uM of the COMT inhibitor entacapone,
and then treated with 10 ug/mL LPS for an additional 6 hours while in the continuous
presence of NADA and the inhibitor (n=4). NS, not significant; **, p < 0.01; ***, p < 0.001

when comparing samples to LPS only treatment.

(C) Levels of IL-6 were quantified in the supernatants of lung HMVECs that had COMT
silenced by siRNA. Cells were pretreated for 1 hour with 10 uM NADA and then treated
with 10 ug/mL LPS for an additional 6 hours while in the continuous presence of NADA
(n=4). **, p < 0.01; ***, p < 0.001 when comparing samples to LPS only treatment. All

experiments were performed two times.
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Figure 2.10
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Figure 2.10. NADA reduces the secretion of IL-6 and IL-8 from lung HMVECs

activated with inflammatory agonists.

Levels of IL-6 (A, C, and E) and IL-8 (B, D, and F) were quantified in the supernatants of
lung HMVECs that were pretreated for 1 hour with the indicated concentrations of
NADA and then treated with either 10 ug/mL FSL-1 (A and B) or LPS (C and D) or 100
ng/mL TNFa (E and F) for an additional 6 hours while in the continuous presence of
NADA (n=4). NS, not significant; *, p < 0.05; **, p < 0.01; inflammatory agonist versus

inflammatory agonist plus NADA. All experiments were performed four times.
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Figure 2.11
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Figure 2.11. NADA reduces the surface expression of E-selectin on ECs activated

by inflammatory agonists.

HUVECs were pretreated for 1 hour with 10 uM NADA and then treated with either 10
ug/mL FSL-1 (A) or LPS (B) or 100 ng/mL TNFa (C) for an additional 3 hours while in
the continuous presence of NADA or treated with NADA only for 4 hours (D). FITC-
labeled mouse IgG was used an antibody specificity control. Flow cytometry

experiments were performed two times.
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Figure 2.12
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Figure 2.12. Gating strategy for the effects of NADA on the surface expression of

E-selectin on activated ECs.

Flow cytometry was performed to assess surface expression of E-selectin on
inflammatory agonist activated HUVECs in the presence and absence of NADA. An
example schematic of the gating used to analyze E-selectin surface expression in

Figure 2.11 is shown.
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Figure 2.13
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Figure 2.13. NADA reduces the binding of neutrophils to activated ECs.

(A-C) Lung HMVECs were pretreated for 1 hour with the indicated concentrations of
NADA and then treated with 10 ug/mL FSL-1 (A) or LPS (B) or 100 ng/mL TNFa (C) for
an additional 3 hours while in the continuous presence of NADA. The lung HMVECs
were then washed, and calcein AM-labeled primary human neutrophils were allowed to
adhere for 20 minutes. Non-adherent neutrophils were subsequently removed, and the
percentage of remaining adherent neutrophils was calculated (n=3). NS, not significant;
*, p < 0.05; **, p < 0.01, inflammatory agonist versus inflammatory agonist plus NADA.
Representative images of calcein-labeled neutrophils bound to lung HMVECs are
shown to the right of the bar graphs. Fluorescence images taken with a fluorescein filter
set are shown in the left-hand column, and translucent light microscopy images of the
same field of reference are shown in the right-hand column. Images were taken at x10
magnification on an Olympus 1X51 inverted microscope equipped with a Retiga 2000R

camera (Q imaging). The neutrophil adhesion assays were performed two times.
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Figure 2.14
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Figure 2.14. CB1R/CB2R mediate the anti-inflammatory effects of NADA, whereas

TRPV1 counters the anti-inflammatory properties of NADA in ECs.

(A and B) Levels of IL-6 (A) and IL-8 (B) were quantified in the supernatants of lung
HMVECs that were pretreated for 30 minutes with either 0.1, 1, or 10 uM of
CP945598/SR144528 and then incubated for another 30 minutes with 10 uM NADA in
the presence of CP945598/SR144528. ECs were then treated with 10 ug/mL LPS for an

additional 6 hours while in the continuous presence of CP945598/SR144528 and/or

NADA (n=3). Crystal violet readings between samples were not significantly different.

(C and D) Cells were treated and analyzed similarly as A and B, except using the
TRPV1 inhibitor AMG9810 (n=4). Crystal violet readings between samples were not

significantly different.

A-D, t tests (black): NS, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; LPS
versus LPS plus CP945598/SR144528 or AMG9810 and/or NADA. ANOVA (red): NS,
not significant; **, p < 0.01, LPS plus NADA versus LPS plus NADA and

CP945598/SR144528 or AMG9810.

(E) NADA induces Ca?* influx into lung HMVECs. ECs were grown to confluency, and
Ca” influx was measured as described in the Materials and Methods. Cells were
treated with either ethanol, ATP (10 uM), or NADA at the indicated concentrations, and
Ca®" influx was measured for 3 minutes. The time points at which NADA induced
significant influx are enclosed with a red border: t test, *, p < 0.05; NADA versus ethanol

for each time point
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(F) NADA induces Ca** influx into wild-type, but not Trpv?1”, primary murine lung
endothelial cells. ECs were grown to confluency, and Ca?* influx was measured as
described in the Materials and Methods. Cells were treated with either ethanol, ATP (10
uM), or NADA at the indicated concentrations, and Ca** influx was measured for 3

minutes. WT, wild-type; KO, Trov1™.
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Figure 2.15
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Figure 2.15. The two proposed catabolic routes for NADA biosynthesis, and ECs

express L-DOPA decarboxylase (DDC), but not tyrosine hydroxylase (TH).

(A) NADA can potentially be synthesized via two routes in cells. The first requires the direct
ligation of AA to dopamine to generate NADA. The second requires the ligation of tyrosine
to arachidonic acid to generate N-arachidonoyl tyosine, followed by the oxidation of the
tyrosine moiety to L-DOPA by tyrosine hydroxylase (TH) to generate N-arachidonoyl
DOPA. The L-DOPA moiety is then converted into dopamine by L-DOPA decarboxylase

(DDC) to synthesize NADA.

(B and C) HUVECs (multiple donors), lung HMVECs (one donor), and PBMCs (one donor)
were grown and lysed as described in Figure 2.1. Adrenal tissue cDNA was purchased
from Zyagen (San Diego, CA). 80 ng, of cDNA was analyzed for each sample. The relative
quantification (RQ) values shown in the graphs are relative to lowest detectable expressing
cell type for each gene. When gene expression was not detected in more than half of the
technical replicates, it was defined as not expressed (nde, not detectably expressed).
Otherwise, the samples were analyzed as described in Figure 2.1 (see Table 2.2 for a more

detailed description).
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Figure 2.16
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Figure 2.16. Proposed model depicting the role of CB{R/CB2R and TRPV1 in

regulating endothelial inflammation by NADA.

NADA activates TRPV1 to induce Ca?* influx and promote inflammatory pathways. In
contrast, NADA can reduce inflammation via CB1R/CB3R, but the downstream pathways
have not yet been fully delineated, nor has the existence of parallel anti-inflammatory
pathways induced by NADA been determined in ECs. We hypothesize that NADA
regulates endothelial inflammation through its contrasting actions at CB1R/CB2R and
TRPV1. Furthermore, it is possible that the activity of NADA through CB{R/CB2R and
TRPV1 is not parallel, but that these receptors dimerize or interact downstream to

further regulate NADA signaling.
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Table 2.1. Mean AC; for cannabinoid receptor qPCR data.

n ng  CNR1 (agg’a’ff” (acs:glalf/22) GPR18 (fs’z ’:ff) (fs’z ’:fg) TRPV1
HUVECs m 5 nde nde nde 8.71 nde 8.28 4.94
80 11.50 nde 12.22 10.88 nde 8.03 5.04
Brain HMVECs 2 5 nde nde nde 8.73 nde nde 5.77
80 10.74 nde 9.82 8.78 nde 10.42 5.84
Liver HMVECs 1 5 nde nde nde 8.28 nde 8.08 5.51
80 12.09 nde nde 8.44 nde 8.82 5.60
Lung HMVECs 1 5 nde nde nde nde nde 8.97 5.28
80 10.50 nde nde 11.23 nde 9.78 5.27
HCAECs 1 5 nde . nde nde nde nde 9.48 6.27
80 11.78 nde 12.01 10.97 nde 9.14 6.23
PBMCs 3 5 5.57 2.41 nde 2.31 5.56 1.09 3.82
80 5.64 1.98 9.50 2.15 5.30 0.83 3.95

n, number of donors; m, multiple donors (mixed batch); ng, nanograms of cDNA loaded
per sample; nde, not detectably expressed

EC monolayers were grown in and PBMCs isolated into their respective growth media in
the absence of inflammatory agonists prior to mRNA isolation from three independent
biological replicates per donor (see Materials & Methods).

Genes that are “not detectably expressed” had undetectable gene expression in more
than half of the technical replicates.

Three biological replicates, and two technical replicates per biological replicate, were
analyzed for each donor. The mean C; value of HPRT1 and GUSB were used as the
reference gene in calculating the AC; values for each sample/biological replicate. Two
input quantities, 5 ng and 80 ng, were analyzed for each sample. The average AC; value
is calculated by taking the mean of the individual AC; values for each biological replicate
of a group (AC; = C; of gene of interest (GOI) - the C; of the HPRT1 and GUSB mean
(160, 161)). If more than one donor was utilized, than the mean ACt value represents

the average ACt value for all donors. The ACt values shown are derived from the raw,

uncorrected C; values.
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Table 2.2. Mean AC; for metabolic enzymes qPCR data.

nng ABHD4 ABHD6 ABHD12 DAGLa FAAH FAAHZ2

HUVECs m 5 2.69 3.06 0.76 2.55 9.06 8.14
80 2.54 2.80 0.80 2.53 9.30 8.10

Lung HMVECs 1 5 1.23 1.91 0.67 217 9.03 8.53
80 1.12 1.64 0.72 214 9.18 7.86

PBMCs 1 5 2.16 2.14 1.20 3.03 4.41 1.25
80 1.97 1.11 1.27 2.88 4.25 1.04

n ng GDE1 MGLL NAPEPLD  PTPN22 TH DDC

HUVECs m 5 1.05 -1.02 3.60 5.15 nde nde
80 0.90 -1.21 3.53 5.01 nde 12.47

Lung HMVECs 1 5 0.45 -1.76 3.80 4.32 nde nde
80 0.39 -1.90 3.65 417 nde 9.29

PBMCs 1 5 0.58 2.11 2.27 -0.01 nde nde
80 0.31 1.91 2.15 -0.14 nde nde

adrenal tissue 1 5 - - - - -4.00 -2.85
80 - - - - -4.09 -2.44

n, number of donors; m, multiple donors (mixed batch); ng, nanograms of cDNA loaded
per sample; nde, not detectably expressed; -, no data

EC monolayers were grown in and PBMCs isolated into their respective growth media in
the absence of inflammatory agonists prior to mRNA isolation from three independent
biological replicates per donor (see Materials & Methods). Human adrenal tissue cDNA
was purchased from Zyagen (San Diego, CA)

Genes that are “not detectably expressed” had undetectable gene expression in more
than half of the technical replicates.

Three biological replicates, and two technical replicates per biological replicate, were
analyzed for each donor. The mean C; value of HPRT1 and GUSB were used as the
reference gene in calculating the AC; values for each sample/biological replicate. Two
input quantities, 5 ng and 80 ng, were analyzed for each sample. The average AC; value
is calculated by taking the mean of the individual AC; values for each biological replicate
of a group (AC; = C; of gene of interest (GOI) - the C; of the HPRT1 and GUSB mean

(160, 161)). The AC; values shown are derived from the raw, uncorrected C; values.
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Table 2.3. Cannabinoid receptor agonists/antagonists used in experiments.

++, agonist activity < 100 nM; +, agonist activity 100 nM-10 mM; o, no effect; -,
antagonist activity; =, inverse agonist; [in], indirect; (?), uncertain

Note: the discrepancies in binding specificities reported for individual compounds are

due primarily to the different assays utilized in the studies (19).

2-AG, 2-arachidonoylglycerol; Abn-CBD, abnormal cannabidiol; ACEA, arachidonoyl-2’-
chloroethylamide; AEA, N-arachidonoylethanolamine (anandamide); CBD, cannabidiol;
CAP, capsaicin; NADA, N-arachidonoyl dopamine; NAGly, N-arachidonoylglycine; nd,

no data (reported in good faith)

cannabinoid receptor (CBR)

CB1R CBJ.R GPR18 GPR55 TRPV; reference
2-AG ++ [+ + + ++/0 +/0 (162-168)
Abn-CBD o] o] + ++/+/0 o] (29, 162, 165, 166, 169)
ACEA ++ + nd nd + (71,170, 171)
AEA? ++ + +/0 ++/+/0 + (162, 165, 166, 172)
CBDb - [in] = +(?)/- o/- +/0 (162, 166, 173-175)
CAP nd nd nd nd ++ (176)
HU-308 o ++ nd nd nd (177)
NADA® + +/0 nd nd ++ (64, 65)
NAGIly 0 o ++/0 o o) (163, 178-182)
W|N55d ++ ++ o/- o] o/-1[in] (162, 165, 166, 181, 183)

4, inhibitor of TRPM8 (141)

®, agonist for the 5-HT 1 (serotonin) receptor (184)

¢, no effect on dopamine receptor D1 or D, (64); agonist of PPAR-y (75); inhibitor of
TRPMS8 (141), calcineurin (78), FAAH (64), MAGL (113), anandamide membrane
transporter (64, 82), arachidonate 5-lipoxygenase (139), pl12-LO (137), and T-type

calcium channels (138)

4 agonist of TRPA1 (84), calcineurin (83, 84), PPAR-y (34), and PPAR-a. (140)
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Table 2.4. Mean inflammatory and viability indices, SEM, and significance for

cannabinoid receptor agonist/antagonists

IL-6 ELISA IL-8 ELISA MTT assay
mean SEM n p mean SEM n p mean SEM n p

2-AG 100 005 5 09362 112 004 5 00421 098 009 2 08179
abn-CBD 111 041 4 04005 112 011 4 03569 095 010 5 0.6145
ACEA 085 011 5 02330 092 006 5 02687 098 000 3 0.0475
AEA 103 004 5 05242 109 006 5 02097 092 010 2  0.5807
CBD 018 015 4 00129 019 031 4 00130 064 007 5 00058
CAP 106 007 4 04712 106 005 3 03184 105 002 2  0.1907
HU-308 067 013 5 00647 073 012 5 0084 110 002 3  0.0252
NADA 064 010 5 00213 067 006 5 00062 099 005 5 0.8672
NAGly 121 005 4 0020 107 007 4 04042 097 001 2 0.3066
WIN55 002 002 5 00000 003 001 5 00000 098 002 6 03423

SEM, standard error of the mean; n, number of experiments.

p < 0.05 were considered significant and are highlighted in yellow.

2-AG, 2-arachidonoylglycerol; abn-CBD, abnormal cannabidiol; ACEA, arachidonoyl-2’-
chloroethanolamine; AEA, N-arachidonoylethanolamine (anandamide); CBD, cannabidiol;
CAP, capsaicin; NADA, N-arachidonoyl dopamine; NAGly, N-arachidonoylglycine.
Breakdown of IL-6/IL-8 n values (F, FSL-1; L, LPS; T, TNF): 2-AG (F-1, L-1, T-3); Abn-
CBD (F-1, L-2, T-1); ACEA (F-2, L-2, T-1); AEA (F-2, L-2, T-1); CBD (F-1, L-2, T-1);
CAP (F-1, L-2, T-1); HU-308 (F-2, L-2, T-1); NADA (F-2, L-2, T-1); NAGly (F-1, L-2, T-
1); WIN55,212-2 (F-2, L-2, T-1).

For the IL-6 and IL-8 ELISAs, lung HMVEC monolayers were pretreated for 1 hour with
10 mM of the CBR agonist/antagonist, and then either 10 mg/mL of FSL-1 or LPS or
100 ng/mL of TNFa was added for an additional 6 hours in the continuous presence of
10 mM of the CBR agonist/antagonist. Subsequently, supernatants were collected and
the concentrations of IL-6 and IL-8 were determined. For the MTT assay, 10 mM of the
CBR agonist/antagonist was added to either HUVEC or lung HMVEC monolayers for 7
hours before solubilizing the cells with DMSO. To calculate the inflammatory indices,
the relative inflammatory index in each independent experiment for each CBR

agonist/antagonist was first calculated (i.e. the average cytokine concentration for the

samples treated with both the inflammatory agonist (FSL-1, LPS or TNFa) and CBR
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agonist/antagonist divided by the average cytokine concentration for the samples
treated with inflammatory agonist alone; n=3 minimum). Then, the mean and SEM of
these relative indices for each CBR agonist/antagonist were calculated (n=4-5). The
MTT viability indices were calculated in the same manner. Student’s unpaired, two-tail t-
tests were performed on the indices of the samples treated with both the inflammatory
agonist and CBR agonist/antagonist versus the indices of the samples treated with just
the inflammatory agonists. p < 0.05 was considered significant. CBR
agonists/antagonists of interest induced significant changes in both IL-6 and IL-8

secretion without significantly affecting viability (i.e. NADA and WINS5,212-2).
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Materials and Methods

Cells

Human umbilical vein endothelial cells (HUVECs, passage 2-6, multiple donors) (Lonza,
Walkersville, MD), human brain microvascular endothelial cells (brain HMVECs,
passage 4-9, unknown donor gender) (Cell Sciences, Canton, MA), human liver
sinusoidal microvascular endothelial cells (liver HMVECs, passage 4-9, unknown donor
gender) (Cell Sciences), human lung microvascular endothelial cells (lung HMVECs,
passage 4-9, female and male donors) (Lonza), and human coronary artery endothelial
cells (HCAECs, passage 4-9, female donor) (Lonza) were incubated at 37°C under
humidified 5% CO,. HUVECs were grown in EGM-2, and brain, liver, and lung HMVECs
and HCAECs were grown in microvascular EGM-2 (Lonza). Peripheral blood
mononuclear cells (PBMCs) and neutrophils were isolated by gradient centrifugation
using Lymphoprep and Polymorphprep (Axis-Shield, Oslo, Norway), respectively, from
heparinized whole blood collected by venipuncture from healthy human volunteers.
PBMCs were isolated according to the manufacturers supplied instructions and

neutrophils as we have described previously (92).

Cannabinoid and inflammatory agonist treatments

ECs were grown to confluence before agonist treatment. Unless otherwise noted, in all
experiments cells were pre-incubated with the cannabinoids or the TRPV1 agonist,
capsaicin, at the indicated concentrations for 1 hour prior to and continuously during the
inflammatory agonist treatment. In Figure 2.7B, samples were incubated continuously
with polymyxin B (Invivogen, San Diego) at 50 ug/mL to minimize effects from

contaminating LPS. Compounds used were 2-AG (Tocris, Ellisville, MO), abnormal
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cannabidiol  (Axon  Medchem, Groningen, Netherlands), arachidonoyl-2’-
chloroethylamide (Tocris), N-arachidonoylethanolamine (Sigma), AEA in Tocrisolve 100
(Tocris), CBD (Axon Medchem), capsaicin (Tocris), HU-308 (Tocris), N-arachidonoyl
dopamine (NADA) (Sigma, Tocris, and Cayman Chemical), N-arachidonoyl glycine
(Tocris), and WINS5,212-2 (Sigma). The inflammatory agonists used include FSL-1
(EMC Microcollections, Tubingen, Germany), LPS (List Laboratories, Los Gatos, CA),
and recombinant human TNFa (PeproTech, Inc., Rocky Hill, NJ) at the indicated
concentrations and times. Preparations of FSL-1, TNFa, capsaicin, and dopamine
contained <0.1 EU/mL LPS based on the Limulus amoebocyte lysate chromogenic
endotoxin quantitation assay (Thermo-Scientific). Because AA, 2-AG, AEA, N-
arachidonoyl glycine, arachidonoyl-2’-chloroethylamide, HU-308, abnormal CBD, and
NADA preparations caused the Limulus amoebocyte lysate substrate to become cloudy,
the quantitative OD readings were unreliable; however, based on the observed color
changes compared with the standards, the levels of LPS appeared qualitatively

insignificant.

Immunoblots

Cells were lysed with RIPA-Lysis Buffer (4 mM sodium dihydrogen phosphate, pH 7.0; 6
mM disodium hydrogen phosphate, pH 7.0; 150 mM sodium chloride; 1% Nonidet P-40;
1% sodium deoxycholate; 0.1% SDS; 2 mM EDTA; 50 mM sodium fluoride; 0.1 mM
sodium vanadate) plus protease inhibitor mixture (Sigma), and protein concentrations of
the lysates were estimated using the RCDC protein assay kit (Bio-Rad). Total proteins
were separated by SDS-PAGE (11%) and then transferred to PVDF membranes (Pall

Corp, Ann Arbor, MI). Membranes were blocked in 3% BSA for 45 minutes at room
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temperature (RT) and then incubated with primary antibody solution overnight at 4°C.
Membranes were washed and then incubated with goat anti-rabbit peroxidase-
conjugated secondary antibodies (111-035-045; Jackson ImmunoResearch, West
Grove, PA). Immunoblots were developed using Super-Signal West Dura Extended
Duration Substrate (34076; Thermo Scientific), and the signal was detected using a Gel
Logic 2200 Imaging System (Eastman Kodak, Rochester, NY) run on Carestream
imaging software (Carestream Health, Rochester, NY). The antibodies used were as
follows: CB+4R (2 ug/mL, AP01265PU-N, Acris Antibodies, San Diego); CB2R (1 ug/mL,
ARP63486_P050, Aviva Systems Biology, San Diego); GPR18 (2 ug/mL, ab76258,
Abcam, Cambridge, MA); GPR55 (0.8 ug/mL, orb101191, Biorbyt, Cambridge, UK);

TRPV1 (1 ug/mL, ab111973, Abcam); and g-actin (0.1 ug/mL, A2066, Sigma).

ELISAs, MTT assay, and crystal violet assay

IL-6 and IL-8 levels were quantified in culture supernatants by ELISA (R&D Systems,
Minneapolis, MN, and BD Biosciences, respectively) according to the manufacturer’'s
instructions. For the MTT and crystal violet (CV) assays, the CBR agonist or antagonist
was added at the indicated concentrations for 7 hours in the absence of inflammatory
agonists. MTT Assays (Biotium, Hayward, CA) were performed in 96-well plates
according to the manufacturer’s instructions. Because NADA induces the formation of
formazan crystal from tetrazolium salt in the absence of cells, in the MTT assay graph
(Figure 2.7C), background ODs of NADA in the absence of cells were subtracted from
ODs in the presence of cells at the same NADA concentration. For CV assays, after the
indicated treatments, the cells in 48-well plates were washed twice with PBS and then

stained with 0.5% CV in methanol for 10 minutes (100 ul). The plates were then
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immersed several times in tap water to remove the excess CV solution, after which time
the plates were gently tapped upside down on a paper towel to remove all traces of
liquid. 1% SDS in water (300 ul) was then added to each well, and the remaining
stained cells were allowed to solubilize for several hours. One well in the plate was left
without cells to control for background staining. Absorbance was read at 570nm in a
FLUOstar OPTIMA fluorescent plate reader (BMG Labtech, Cary, NC); the background
staining was subsequently subtracted, and the percent adherence relative to the control

was calculated.

siRNA transfection of lung HMVECs

COMT (L009520-00-0005) and control (L-005120-01-0005) siRNA ON-TARGET plus
SMARTPools (ThermoScientific, Rockford, IL) were used in accordance with the
manufacturer’s suggested protocol for lung HMVEC transfections using Dharmafect 4
transfection reagent. Cells were treated with NADA and LPS as described above, and

supernatants were collected after 7 hours for ELISAs.

Flow cytometry

HUVECs were detached using Accutase Cell Detachment Solution (Innovative Cell
Technologies, San Diego). HUVECs were passed through a 70-um filter, counted, and
aliquoted at 5x10° cells per sample. The cells were then washed using Flow Cytometry
Staining Buffer (FCSB) (R&D Systems) and incubated with 10 ug/mL human IgG (R&D
Systems) in FCSB for 15 minutes at 4°C. Next, the cells were incubated for 30 minutes
at 4°C with either 0.25 ug/sample of FITC-mouse anti-human CDG62E (E-selectin)

(BBA21; R&D Systems) or FITC-mouse IgG1 (IC002F; R&D Systems). The samples
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were washed once more with FCSB and then analyzed by flow cytometry (LSRII Flow
Cytometer, BD Biosciences). A far-red fluorescent dye (L10119; Invitrogen) was used to
assess cell viability. For primary murine lung endothelial cells, cells were stained with
FITC-rat anti-mouse CD102, PE-rat anti-mouse CD31, FITC-rat anti-mouse IgG2a «,

and PE-rat anti-mouse 1gG2a « (BD Biosciences).

Quantitative real time PCR (qPCR)

Specific  gene  expression assays (HPRT1 (Hs01003267_m1), GUSB
(Hs99999908_m1), CNR1 (Hs00275634_m1), CNR2 (Hs00275635_m1; assay 1),
CNR2 (Hs00952005_m1; assay 2), GPR18 (Hs00245542_m1), GPR55
(Hs00995276_m1; assay 1), GPR55 (Hs00271662_s1; assay 2), TRPV1
(Hs00218912_m1), ABHD4 (Hs01040459_m1), ABHD6 (Hs00977889_m1), ABHD12
(Hs01018047_m1), DAGLA (Hs00391374_m1), FAAH1 (Hs01038660_m1), FAAH2
(Hs00398732_m1), GDE-1 (Hs00213347_m1), MGLL (Hs00200752_ m1), NAPE-PLD
(Hs00419593_m1), PTPN-22 (Hs01587518_m1), DDC (Hs01105048 m1), TH
(Hs00165941_m1), and the manufacturer's suggested assay reagents were purchased
from Applied Biosystems (Foster City, CA). HUVECs, HMVECs, HCAECs, and PBMCs
were lysed, and mRNA was isolated using TRIzol according to the manufacturer’s
supplied protocol (Invitrogen). mRNA concentrations were determined with an ND-1000
(NanoDrop/Thermo Fisher Scientific), and mRNA was reverse-transcribed to cDNA
using the High Capacity RNA-to-cDNA kit using 2 ug of mRNA per reaction (Invitrogen).
Human adrenal tissue cDNA was purchased from Zyagen (San Diego). An input of
either 5 or 80 ng of cDNA in 10 ul of total reaction volume per well containing TagMan

Fast Advanced Master Mix (Applied Biosystems) was used in all gQPCR experiments,
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and gPCR was performed using the StepOnePlus System (Applied Biosystems). For
the run method, PCR activation at 95°C for 20s was followed by 40 cycles of 1s at 95°C

and 20s at 60°C. The average Ct value of two technical replicates was used in all
calculations. The average Ct value of the internal controls HPRT1 and GUSB were used

to calculate ACt values. For single donor assays (liver HMVECs, lung HMVECs, and

HCAECs (n=1)), data analysis was performed using the 2-AACt hethod (160). For
multiple donor assays (HUVECs (n=2 lots), brain HMVECs (n=2), and PBMCs (n=3)),

Z'AACt method, and the data were

the initial data analysis was performed using the
corrected using log transformation, mean centering, and auto scaling to ensure
appropriate scaling between biological replicates (161). The methods of calculation

utilized assume an amplification efficiency of 100% between successive cycles.

Neutrophil adhesion assay

The neutrophil adhesion assay was performed as described previously (92). Briefly,
neutrophils were resuspended in RPMI 1640 medium at 2x10° cells/mL and labeled with
3 uM calcein-AM (Invitrogen). Just prior to adding labeled neutrophils, 48-well plates
containing lung HMVEC monolayers were washed three times with RPMI 1640 medium
containing 3% BSA. Labeled neutrophils were then added at 6x10° cells/300 ul/well and
allowed to incubate for 20 minutes at 37°C in the dark before washing five times with
PBS (with Ca** and Mgz") to remove nonadherent cells. Pre-washing and post-washing
fluorescence was read at an excitation of 485nm and an emission of 520nm in a
FLUOstar OPTIMA fluorescent plate reader. The relative adherence was calculated by

first subtracting the background fluorescence of the ECs from the pre- and post-wash
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readings and then dividing the post-wash reading by the pre-wash reading to quantitate
the fluorescence decrease for each well. The ratio of adherence of each well is then
divided by the average ratio of adherence for the positive control samples. Neutrophil

adhesion was visualized using a Zeiss Axio Imager D1 microscope.

Electric cell-substrate impedance sensing (ECIS)

ECIS Z Theta system (Applied Biophysics, Troy, NY) was used to measure the
transendothelial electrical resistance (TER), a measure of endothelial barrier integrity, of
lung HMVEC monolayers, as described in detail by Giaever and Keese (185). Briefly,
lung HMVECs (1.4x10° cells/cm?) were seeded into wells containing 10 small gold
electrodes and a larger counter electrode on a 96-well plate (Applied Biophysics) and
were allowed to grow to confluence. Inflammatory agonists (FSL, LPS, and TNFa) and
either NADA (2 or 10 uM) or WINS5,212-2 (1 or 2 uM) were then added to the wells.
Resistance was measured repeatedly in each well for 8 hours. Data were normalized to

the resistance mea- sured before the addition of inflammatory agonists and NADA.

Antagonist/inverse agonist and COMT inhibitor assays

Confluent monolayers of lung HMVECs were pretreated for 30 minutes with the TRPV1
antagonist AMG9810 (0.1, 1, or 10uM; Tocris), the COMT inhibitor entacapone (0.1uM;
Tocris), or the combination of the CB1R antagonist CP945598 (0.1, 1 or 10uM; Tocris)
and the CB3R inverse agonist SR144528 (0.1, 1, or 10uM; Cayman Chemical). Cells
were then incubated for another 30 minutes with WIN55,212-2 (4 uM) or NADA (10 uM)
in the continued presence of the inhibitor. ECs were then treated with LPS (10 ug/mL)

for an additional 6 hours while in the continuous presence of the combination of the
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inhibitor and cannabinoid. IL-6 and IL-8 were quantified in culture supernatants.

Calcium influx assay

Lung HMVECs or WT and Trpov1” murine endothelial cells were grown to confluency in
96-well black-walled TC plates. Endothelial Ca®* influx was determined using the FLIPR
Calcium 6 assay (Molecular Devices) according to the manufacturer’'s supplied
instructions. Cells were treated with either ethanol, ATP (10 uM), or NADA at the
indicated concentrations, and fluorescence output (i.e. Ca®* influx) was measured for 3
minutes with a Flex Station fluorometer (Molecular Devices). The data were then

normalized to the background readings before treatments for each condition.

Preparation of primary murine endothelial cells

Primary lung endothelial cells were prepared from 6-7 day old mouse pups immediately
after decapitation as described (186). The purity of the cell populations was verified by
flow cytometry as described above. WT and Trov1”™ endothelial cell preparations were

>94% pure.

LC-MS/MS to detect NADA in lung HMVECs

An analytical LC-MS/MS method to detect endocannabinoids in cell lysates was
developed at Cayman Chemical Co. (Ann Arbor, MI). Confluent monolayers of lung
HMVECs were grown in 15-cm tissue culture dishes and left untreated or treated either
with FSL-1 (10 wg/mL), LPS (10 ug/mL), or TNFa (100 ng/mL) for 3 hours, and then
lysed with 2.25 mL of RIPA lysis buffer (see above for formulation and procedures) per
plate. For each sample, the lysate from 2x15-cm tissue culture dishes were combined

(4.5 mL total). After an initial extraction with chloroform/ methanol (2:1), both 1 and 3 mL
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of the lysate from each sample were concentrated and analyzed by LC-MS/MS. NADA

standard was prepared at Cayman Chemical using RIPA buffer as the matrix.

Statistics

The data were analyzed using t-tests (unequal variance two-tail) or ANOVA using a
Dunnett’s post-test. GraphPad Prism or Excel 2008 was used for statistical analyses. p
< 0.05 were considered significant for all data except crystal violet assays, where p <
0.01 were considered significant. Data were expressed as mean + S.D., except for the

data compiled in Figure 2.4, which are expressed as the mean + S.E.
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CHAPTER 3

N-arachidonoyl dopamine (NADA) modulates acute systemic inflammation via

non-hematopoietic TRPV1
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Abstract

N-arachidonoyl dopamine (NADA) is an endocannabinoid/endovanilloid with in
vitro immunomodulatory activity. NADA is a potent agonist of the cation channel
transient receptor potential vanilloid 1 (TRPV1), which mediates nociception and
thermosensation via sensory neurons. Thus far, in vivo studies using NADA have
focused on its neurological and behavioral roles. Here we show that NADA potently
decreases in vivo systemic inflammatory responses and levels of the coagulation
intermediary plasminogen activator inhibitor-1 in three mouse models of inflammation:
lipopolysaccharide, bacterial lipopeptide, and polymicrobial intraabdominal sepsis.
Additionally, NADA modulates blood levels of the neuropeptides calcitonin gene-related
peptide (CGRP) and substance P in LPS-treated mice. We demonstrate that the
immunomodulatory properties of NADA are mediated by TRPV1 expressed by non-
hematopoietic cells, and provide data supporting a role for neuronal TRPV1 in NADA'’s
immunomodulatory effects. These results suggest that NADA has novel TRPV1-
dependent neuroimmunological properties, and furthermore, that the endovanilloid

system might be targeted therapeutically in sepsis.

Introduction

N-arachidonoyl dopamine (NADA) is an endogenous lipid composed of an
arachidonic acid backbone conjugated to a dopamine moiety (98). As an
endocannabinoid, NADA possesses activity at the G protein-coupled cannabinoid
receptors CB1R and CB2R (64, 81). NADA is also an endovanilloid, which are a group of

endogenous activators of transient receptor potential vanilloid 1 (TRPV1), and include
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the endocannabinoid anandamide and a variety of lipoxygenase products (176, 187,
188). TRPV1, a non-selective cation channel, is primarily known for its role in
nociception and thermosensation. Of the known endovanilloids, NADA is the most
potent TRPV1 agonist and is considered to be a principal endogenous TRPV1 ligand
(65, 98, 188, 189). TRPV1 is activated by a variety of noxious insults, including heat
greater than 42°C, low pH, and capsaicin, the active ingredient in chili peppers (188).

TRPV1 is highly expressed in the peripheral nervous system (PNS), including in
a subset of small-diameter primary afferent neurons that detect noxious stimuli residing
in Trigeminal and Dorsal Root Ganglion (TG and DRG respectively), and in the vagus
nerve (190-194). Peripheral terminals derived of TRPV1-expressing nociceptors
innervate most organs and tissues. TRPV1 expressed in the PNS functions to integrate
multiple noxious stimuli, ultimately leading to the depolarization of primary afferent
nociceptors and release of neuropeptides, such as calcitonin gene-related peptide
(CGRP) and substance P, that elicit a pain and neurogenic inflammatory responses
(195-199). TRPV1 is also expressed in the central nervous system (CNS), including the
spinal cord, striatum, hippocampus, cerebellum, and amygdala, as well as the DRG
(200-204). Finally, TRPV1 is expressed in non-neuronal cells, including leukocytes,
smooth muscle cells, and endothelial cells, and T cell TRPV1 activation has been
reported to modulate the T-cell function (191, 195, 205-209).

NADA has been detected in the striatum, cerebellum, hippocampus, thalamus,
brainstem and DRG, and thus NADA and TRPV1 have overlapping distributions (65,
200-202, 210). The specific activation of TRPV1 by NADA has been previously

documented. While NADA induces calcium influx into primary human and mouse
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endothelial cells, it is unable to affect endothelial calcium levels after treatment with the
TRPV1 antagonist capsazepine or in cells derived from Trov1” mice (Chapter 2 and
(209)). NADA also induces calcium influx in HEK293 cells overexpressing TRPV1, and
this influx is abolished after treatment with the TRPV1 antagonist iodoresiniferatoxin
(65). Furthermore, the ability of NADA to induce thermal hyperalgesia in mice is also
dependent upon TRPV1, with both capsazepine and iodoresiniferatoxin inhibiting the
actions of NADA in vivo (65). NADA has been proposed to dynamically modulate
neuronal homeostasis by either reducing or inducing cation influx via activation of
CB1/CB; and TRPV1, respectively (98, 118). This dual modulatory effect may explain
the observation that NADA displays both pro- and anti-nociceptive properties (70, 72).
In addition to its neurological and behavioral effects, limited studies suggest that NADA
can modulate inflammatory responses in non-neuronal cells, such as astrocytes,
leukocytes and brain endothelial cells (17, 64, 76-78, 80, 209).

We previously found that treatment with NADA reduces the activation of cultured
endothelial cells by bacterial lipopeptides (Toll-like receptor [TLR] 2 agonists),
lipopolysaccharide (LPS, endotoxin, TLR4 agonist), and TNFa (209). Furthermore, our
data using pharmacological inhibitors suggested that the activities of NADA may be
mediated through cannabinoid receptors and TRP channels, and we proposed that
NADA may fine-tune the inflammatory activation of endothelial cells through TRPs,
similar to their function in neurons (209). These data led us to hypothesize that NADA
may moderate sepsis-induced inflammation (64, 66, 67, 71, 72). While some studies
suggest that TRPV1 modulates inflammation in models of sepsis, to our knowledge,

there are no prior studies investigating the role of NADA or the NADA-TRPV1 axis in
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sepsis (151, 195, 206, 211). We therefore tested the hypothesis that treatment with
NADA would reduce acute systemic inflammation in sepsis via activation of TRPV1. We
find that treatment with NADA reduces systemic inflammation in toxicity and infection
models of sepsis, and that its anti-inflammatory effects depend upon non-hematopoietic
TRPV1. We also find that the ability of NADA to regulate systemic inflammation does
not require leukocyte or endothelial TRPV1, pointing to a potential role for neuronal

TRPV1 expression in the anti-inflammatory effects of NADA.

Results

NADA reduces systemic pro-inflammatory cytokine production and plasminogen
activator inhibitor (PAI-1) in mice challenged with LPS or Pam3Cys

To investigate the contribution of NADA to systemic inflammation and
coagulopathy, we challenged mice with LPS (5 mg/kg, intravenously [i.v.]) immediately
prior to treatment with NADA (1-10 mg/kg, i.v.). At 10 mg/kg, NADA significantly
reduced plasma concentrations of IL-6 and CCL2 two hours after LPS challenge (Figure
3.1, A and B, p < 0.01). In comparison to vehicle-treated control mice, NADA also
reduced the LPS-induced upregulation of PAI-1 (Figure 3.1C, p < 0.01). PAI-1 is an anti-
fibrinolytic factor that is associated with an increased incidence of organ failure and
death in sepsis (212). These results are consistent with data that we obtained using a
23-plex immunoassay, in which NADA decreased the production of the pro-
inflammatory cytokines IL-13, TNFa, CCL2-5, and IL-12p40, while significantly
increasing the levels of the anti-inflammatory cytokine IL-10 induced by LPS challenge

(data not shown).
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While LPS is found exclusively on gram-negative bacteria, TLR2-activating
lipoproteins are expressed by gram-positive and gram-negative bacteria (213). To test if
NADA reduces TLR2-mediated inflammation, we challenged mice with the TLR2 ligand
Pam3Cys (10 mg/kg, i.v.) immediately followed by NADA treatment (10 mg/kg, i.v.).
Similar to LPS, treatment with NADA reduced Pam3Cys-induced IL-6, CCL2, and PAI-1,
but increased IL-10 levels in plasma two hours after Pam3Cys challenge (Figure 3.2, A-
D, p < 0.01). NADA alone did not affect baseline levels of inflammatory mediators or

PAI-1 (data not shown).

Neither anandamide (AEA) nor 2-AG affect the induction of cytokines or PAI-1 in
endotoxemic mice

We assessed the effects of two other endogenous cannabinoid receptor
agonists, AEA and 2-AG (118). AEA also activates TRPV1, but less potently than NADA
(65, 187, 214). Mice were challenged with LPS (5 mg/kg, i.v.) and then immediately
treated with AEA or 2-AG (10 mg/kg, i.v.). In contrast to NADA, treatment with AEA or 2-
AG did not abrogate the upregulation of IL-6, CCL2, CCL3, or PAI-1 levels two hours
after LPS challenge (Figure 3.3, A-H), indicating that NADA'’s anti-inflammatory
properties during systemic inflammation are not shared by all members of the

endocannabinoid family.

NADA has a short half-life in the circulation

We measured plasma NADA levels at intervals through 60 minutes after

treatment of mice with NADA (10 mg/kg, i.v.) using LC-MS/MS. NADA was rapidly
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cleared from the circulation, and has a half-life of approximately 2.7 minutes (Figure

3.4). It is unclear if NADA is catabolized or distributed into tissues.

NADA modulates cytokines and PAI-1 in the cecal ligation and puncture (CLP)
model of sepsis in mice

We assessed the effects of NADA in a CLP model of polymicrobial
intraabdominal sepsis in order to determine its effects during active infection. We
administered NADA immediately after and four hours after CLP surgery, and quantified
plasma cytokines and PAI-1 at six hours. Mice that underwent sham surgery had
background levels of cytokines in the presence or absence of NADA (Figure 3.5, A-D).
NADA treatment reduced IL-6 (p < 0.001), CCL2 (p < 0.0001), and PAI-1 (p < 0.0001),
and increased IL-10 levels (p < 0.0001) (Figure 3.5, A-D). Thus, NADA reduces the

systemic pro-inflammatory response during an active infection.

NADA'’s anti-inflammatory activity in vivo requires TRPV1

To determine the role of TRPV1 expression in the anti-inflammatory effects of
NADA, we challenged WT and Trov1” mice with LPS (5 mgl/kg, i.v.) or Pam3Cys (10
mg/kg, i.v.), treated them immediately after with NADA (10 mg/kg, i.v) or vehicle, and
collected their plasma at two hours. NADA did not modulate plasma levels of IL-6,
CCL2, IL-10, or PAI-1 in Trpv1” mice following challenge with LPS or Pam3Cys (Figure
3.6, A-D, and Figure 3.7). NADA alone did not affect baseline levels of inflammatory
mediators or PAI-1 in WT or Trpv1” mice (data not shown). These data indicate that

NADA's effect on cytokines and PAI-1 requires TRPV1.

86



NADA activates CB4R and CB2R in addition to TRPV1, and our prior study
supported a dominant role for CB1R and CBR in the anti-inflammatory effects of NADA
in human endothelial cells (209). To determine whether or not TRPV1 activation in the
absence of CB1R or CB:R activation might modulate systemic inflammation, we
analyzed the effects of capsaicin, a TRPV1-specific agonist, in endotoxemic mice. We
challenged WT mice with LPS or carrier and then immediately after administered
capsaicin (0.2 mg/kg, i.v.) or vehicle. Treatment with capsaicin reduced IL-6, CCL2, and
PAI-1, and increased IL-10 levels in endotoxemic mice (Figure 3.6, E-H, p < 0.01).
Capsaicin on its own did not affect baseline expression of these mediators (Figure 3.6,

E-H). These data suggest that TRPV1 activation has anti-inflammatory effects in sepsis.

NADA exerts its anti-inflammatory effects in vivo via non-hematopoietic TRPV1
TRPV1 is expressed in multiple cell lineages, including hematopoietic and non-
hematopoietic cells. Therefore, we used bone marrow chimeras to determine the role of
hematopoietic versus non-hematopoietic TRPV1 expression in NADA’s anti-
inflammatory properties. We transplanted WT or Trov1” (CD45.2") bone marrow cells
into irradiated WT mice (CD45.1") recipient mice to generate mice that do not express
TRPV1 in hematopoietic cells. We verified bone marrow engraftment by flow cytometry,
with >95% of leukocytes staining as donor CD45.2" cells (Figure 3.8, A and B). Eight to
nine weeks after reconstitution, mice were challenged with LPS (5 mg/kg, i.v.) and then
treated with NADA (10 mg/kg, i.v.). In contrast to our results in mice with global TRPV1
deletion, NADA reduced IL-6, CCL2, and PAI-1 levels, and increased IL-10 levels in

mice with Trpv1” bone marrow cells (Figure 3.9, A-D, p < 0.001).
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To confirm these results, we performed the reverse chimera, transplanting WT
(CD45.1%) or Trov1” bone marrow into irradiated Trpv1™” (CD45.2") recipients. These
mice exclusively express TRPV1 in hematopoietic cells. As controls, WT (CD45.1%)
bone marrow was transplanted into irradiated WT (CD45.2") recipients. We verified
bone marrow engraftment by flow cytometry, with >99% of leukocytes staining as donor
cells (Figure 3.8, C and D). Consistently, NADA was unable to affect levels of IL-6,
CCL-2, PAI-1, or IL-10 in mice lacking TRPV1 expression outside of the bone marrow
(Figure 3.9, E-H). These data indicate that NADA does not require hematopoietic

TRPV1 to exert its anti-inflammatory effects in vivo in endotoxemic mice.

NADA exerts its anti-inflammatory effects independently of TRPV1 in cultured
primary murine hematopoietic cells and endothelial cells

Because our bone marrow chimera studies suggested that NADA mediates its
anti-inflammatory effects via non-hematopoietic TRPV1, we performed ex vivo studies
using cultured myeloid cells and endothelial cells prepared from WT and Trov1” mice.
For each of these studies, cells were pre-incubated with NADA, and then stimulated
with LPS or Pam3Cys. NADA treatment reduced IL-6 production induced by LPS or
Pam3Cys in both WT and Trov1” bone marrow cells (Figure 3.10, A and B, p < 0.05).
Similar results were obtained in peripheral blood mononuclear cells (PBMCs) and
thioglycollate-elicited peritoneal macrophages from WT and Trov1” mice (data not
shown). Because irradiation may not fully deplete brain-resident microglia, we were
concerned that the results of our bone marrow chimera studies could have been due to

the residual TRPV1-expressing microglia in irradiated WT mice transplanted with
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TRPV1 KO marrow (215). Similar to bone marrow cells, PMBCs, and macrophages,
NADA treatment reduced the LPS-induced upregulation of IL-6 in microglia from both
WT and Trpv1” mice (Figure 3.10, C and D). Finally, we tested the effects of NADA on
LPS-induced activation of primary lung endothelial cells isolated from WT and Trpv1”
mice. NADA induced a comparable decrease in LPS-induced IL-6 secretion by
endothelial cells from Trpv1” and from WT mice (Figure 3.10, E and F). Consistent with
these results, treatment of primary endothelial cells, bone marrow cells, or bone
marrow-derived macrophages with capsaicin does not affect inflammatory cytokine
production (data not shown). Collectively, these ex vivo data suggest that the effects of
NADA on acute systemic inflammation are not mediated through TRPV1 expressed in
endothelial cells or cells derived from the hematopoietic lineage, including microglia.
Furthermore, they suggest that NADA reduces inflammatory activation of these cell
populations through TRPV1-independent mechanisms, which is consistent with our prior
work showing that CB1R and CB2R antagonists block the anti-inflammatory effects of

NADA on human endothelial cells (209).

The anti-inflammatory activity of NADA systemically and in the hematopoietic
compartment depends on CB;R

Because NADA continued to possess anti-inflammatory activity in Trpv1”
hematopoietic cells and endothelial cells, we hypothesized that NADA must activate an
additional receptor in these cell types to regulate inflammation. Since CB:3R is
expressed in hematopoietic cells, we tested the effects of NADA in WT and Cnr2” bone

marrow cells (Figure 3.11, A and B) and endothelial cells (Figure 3.11, C and D) ex vivo.
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For these studies, cells were pre-incubated with NADA, and then stimulated with LPS
for 6 hours. NADA treatment reduced IL-6 production induced by LPS in WT, but not
Cnr2”, bone marrow cells and endothelial cells (Figure 3.11, A-D). These results
indicate that the immunomodulatory activity of NADA depends upon CB2R in endothelial
cells and the hematopoietic compartment. To test the requirement of CB2R on the
effects of NADA systemically, we challenged WT and Cnr2” mice with i.v. LPS, treated
them immediately after with i.v. NADA, and collected plasmas at two hours. In contrast
to WT mice, NADA had no effect on IL-6, CCL2, IL-10, or PAI-1 levels in Cnr2” mice
(Figure 3.11, E-H). Together, these results indicate that the anti-inflammatory activity of

NADA is dependent upon both TRPV1 and CBR.

NADA modulates neuropeptide expression via TRPV1

We hypothesized that NADA may exert its anti-inflammatory effects via the
release of the neuropeptides calcitonin gene-related peptide (CGRP) and substance P,
both of which are released by TRPV1-expressing neurons in sensory ganglion. We
quantified plasma levels of CGRP and substance P in mice treated with NADA and LPS
(Figure 3.12). LPS alone has no effect on plasma levels of substance P in WT or Trpv1
" mice (Figure 3.12A). NADA treatment augmented substance P levels in WT mice, but
not in Trov1” mice challenged with either LPS or carrier (Figure 3.12A, p < 0.01 and p <
0.05, respectively). In contrast, CGRP was induced in both WT and Trpv1” mice
challenged with LPS, and treatment with NADA dramatically decreased CGRP levels in
endotoxemic WT, but not Trpv?” mice (Figure 3.12B, p < 0.01 and p < 0.05,

respectively). Capsaicin mimicked the effects of NADA on neuropeptide release (data
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not shown).

Discussion

We have provided the first evidence that the endocannabinoid/endovanilloid
NADA abates acute systemic inflammation in vivo in a TRPV1-dependent manner.
Treatment with NADA reduces plasma levels of pro-inflammatory cytokines and PAI-1,
and increases levels of the anti-inflammatory cytokine IL-10 in mice with intraabdominal
sepsis induced by CLP, and following challenge with microbial TLR2 and TLR4
agonists. NADA also modulates circulating levels of neuropeptides in endotoxemic
mice, reducing CGRP and increasing substance P. Our data in Trpv1” bone marrow
chimeras suggest that TRPV1 expressed in non-hematopoietic cells mediates the
effects of NADA on acute systemic inflammation. These data, in conjunction with our ex
vivo data in microglia, PMBCs, and endothelial cells, raise the intriguing possibility that
NADA exerts its anti-inflammatory effects via neuronal TRPV1. During septic shock, the
excessive production of pro-inflammatory mediators and the failure to appropriately
resolve inflammation, in conjunction with dysregulation of coagulation pathways, lead to
organ failure, the most common cause of demise in this high mortality syndrome (2,
216, 217). We speculate that by reducing levels of pro-inflammatory cytokines and PAI-
1, which is an inhibitor of fibrinolysis that facilitates clot persistence, the NADA-TRPV1
axis may protect against downstream pathologies such as multiple organ failure by
abrogating the positive feedback loop that propagates pathological inflammation.
Collectively, our results support the hypothesis that the endovanilloid system represents

a novel potential therapeutic target for the treatment of disorders characterized by
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dysregulated inflammation, such as sepsis.

Because NADA is considered to be the principal endogenous endovanilloid
TRPV1 agonist we sought to determine the contribution of TRPV1 to the
immunomodulatory activity of NADA in vivo. The effects of NADA on cytokine
production, neuropeptide release, and PAI-1 induced by exposure TLR agonists were
absent in Trpv1'/' mice, indicating that TRPV1 is required to elicit these early parameters
of systemic and neuroinflammation. Functional TRPV1 expressed by a number of non-
neuronal cells has been reported to regulate immune responses (151, 152, 205-209,
211). However, our data suggest that TRPV1 expressed in the hematopoietic
compartment is not necessary for the effects of NADA on acute systemic inflammation.
This is further supported by our ex vivo data that bone marrow, peritoneal cells, PBMCs,
and microglia from Trov1” mice all retain full responsiveness to the anti-inflammatory
properties of NADA. Similarly, our ex vivo data using primary endothelial cells suggest
that endothelial TRPV1 is not responsible for the NADA'’s in vivo anti-inflammatory
properties in mice. We previously reported that cannabinoid receptors may mediate the
anti-inflammatory effects of NADA in human endothelial cells, suggesting that CB1R
and/or CB2R may be responsible for the anti-inflammatory effects of NADA on leukocyte
and endothelial cell populations (209). We found that the activity of NADA in
hematopoietic cells and endothelial cells ex vivo is dependent upon CB2R, which is also
able to mediate the systemic immunomodulatory effects of NADA. These results
support the notion that CB,R and non-hematopoietic TRPV1 primarily mediate the
effects of NADA on inflammation in early sepsis. However, further studies are needed to

determine if the anti-inflammatory effects of NADA may affect inflammation and other
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outcomes, such as sepsis-induced organ failure, later in the course of sepsis.

Consistent with the cumulative evidence that points to a protective role for
TRPV1 in murine sepsis models, we observe that TRPV1 activation displays a
protective phenotype of reduced pro-inflammation, increased anti-inflammation and
downregulation of PAI-1 in toxicity and infection models of sepsis (151, 195, 206, 211).
However, in contrast to other reports on TRPV1 in sepsis, in the absence of NADA we
did not detect differences in cytokine responses of Trpv1” versus WT mice treated with
LPS or Pam3Cys. Because we used early time points (2-6 hours), our study does not
define the role of TRPV1 at later stages of sepsis, which may account for such
differences. Our study suggests that NADA may modulate sepsis-induced systemic
inflammation through the activation of neuronal TRPV1. The nervous system is
increasingly recognized as playing key roles in inflammation, and strong links have
been established between the immune and nervous systems. Neurogenic inflammation
is believed to be a critical component of inflammatory initiation, and the pain response
(218, 219). There is also strong evidence that the links between the nervous and
immune systems are bidirectional, with each able to modulate the activity of the other.
In the area of sepsis, current evidence points to a neuroimmune response mediated
through the vagus nerve and spleen (220, 221). Notably, TRPV1 is expressed in the
vagus nerve, raising the possibility that it might be involved in the neuroimmune
response (222).

Neurogenic inflammation is regulated by neuropeptides, such as CGRP and
substance P, which are released from the peripheral terminals of sensory neurons

(196). Neuropeptides act in an autocrine or paracrine manner on various target cells
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such as vascular endothelial and smooth muscle cells to regulate vasodilation and
capillary permeability, and on innate and adaptive immune cells to regulate chemotaxis
and activation (196, 219). At present there is limited information regarding the
importance of neuropeptides in sepsis. CGRP has been reported to mediate aspects of
septic shock during in endotoxemic rats (223). Additionally, elevated plasma substance
P and CGRP have been reported to be associated with worse outcomes in humans with
sepsis (224, 225).

Activation of TRPV1 on nociceptors by a variety of stimuli promotes the secretion
of CGRP and substance P, which induce pro-inflammatory responses and
vasodilatation that facilitate the arrival leukocytes and inflammatory mediators in the
circulation to sites of tissue distress (65, 193, 195, 226-231). Substance P has also
been reported to induce an anti-inflammatory, wound-healing phenotype, by inducing IL-
10 and a switch to M2 macrophages while inhibiting nitric oxide synthase and TNFa
production (232-234). We observed that NADA enhances the release of substance P in
a TRPV1-dependent manner, and abrogates the release of CGRP into the circulation in
endotoxemic mice. We speculate that NADA-induced activation of TRPV1 may exert its
anti-inflammatory effects by simultaneously decreasing CGRP and augmenting
substance P in the systemic circulation. It is possible that NADA treatment reduced
CGRP secretion via the acute desensitization of TRPV1, but this seems unlikely
because NADA did upregulate substance P in the circulation (176). Additionally, the
neuropeptides in the plasma may have been derived from non-neuronal cells, such as
keratinocytes, which have been shown to express CGRP, or subsets of leukocytes that

express substance P (234, 235). Finally, it is possible that the effects of NADA on
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neuropeptide release and on acute systemic inflammation are independent of one
another.

In conclusion, we have observed that treatment with NADA attenuates acute
systemic inflammation and coagulopathy, and modulates neuropeptides in several
models of sepsis in mice. These in vivo immunomodulatory effects of NADA appear to
be dependent upon CB3R, as well as TRPV1 expressed in non-hematopoietic cells.
These results suggest that an endogenous NADA-TRPV1 neuronal axis dampens the
pro-inflammatory response during the acute phase of sepsis through regulation of
peripheral immune responses in sepsis and systemic inflammation. Further studies will
be needed to thoroughly elucidate the mechanisms of by which NADA exerts its effects
in vivo, and to determine the role of the NADA-TRPV1 axis in the later phases of sepsis
and in sepsis-induced organ injury. Nonetheless, our observations may have important
implications in sepsis and other acute inflammatory disorders, and suggest that the
endovanilloid system may represents a unique, neuroimmunological therapeutic target

for the treatment of inflammatory disorders.
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Figure 3.1
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Figure 3.1. NADA dose-dependently reduces circulating IL-6, CCL2, and PAI-1

levels in endotoxemic mice.

WT mice were challenged i.v. with LPS or carrier, and then immediate after were
administered i.v. NADA (1-10 mg/kg) or vehicle. Levels of IL-6 (A) and CCL2 (B), and
the activity of PAI-1 (C) were quantified in plasmas after 2 hours. NS, not significant. **,
p < 0.01 when comparing LPS-treated mice in the presence or absence of NADA. Data

are representative of two independent experiments (means + SD of n = 4 mice per

group).
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Figure 3.2
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Figure 3.2. NADA ameliorates the induction of pro-inflammatory cytokines and

PAI-1 and enhances the induction of IL-10 in Pam3Cys-treated mice.

WT mice were challenged i.v. with Pam3Cys or carrier, immediately prior to i.v.
administration of NADA (10 mg/kg) or vehicle. Plasma levels of IL-6 (A), CCL2 (B), IL-
10 (C), and PAI-1 (D) were quantified 2 hours after Pam3Cys challenge. Vehicle-treated
mice had background levels of all cytokines (data not shown). **, p < 0.01 when
comparing Pam3Cys-treated mice in the presence or absence of NADA. Data are

representative of three independent experiments (means + SD of n = 4-6 mice per

group).
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Figure 3.3
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Figure 3.3. Neither anandamide (AEA) nor 2-AG affect the induction of cytokines

or PAI-1 in endotoxemic mice.

WT mice were challenged i.v. with LPS or carrier, and immediately after were
administered i.v. AEA or 2-AG (10 mg/kg) or vehicle. Levels of IL-6 (A and E), CCL2 (B
and F), CCL3 (C and G), and the activity of PAI-1 (D and H) were quantified in plasmas
at 2 hours. AEA or 2-AG alone did not affect baseline levels of inflammatory mediators
or PAI-1 (data not shown). NS, not significant. Data are representative of two

independent experiments (means + SD of n = 4 mice per group).
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Figure 3.4
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Figure 3.4. The half-life of NADA in plasma is in the order of minutes.

Plasma concentrations of NADA were quantified in the plasmas of WT mice by LC-

MS/MS at intervals from t=0-60 minutes after i.v. administration of NADA (10 mg/kg).
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Figure 3.5
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Figure 3.5. NADA modulates cytokines and PAI-1 in a CLP model of sepsis.

WT mice underwent CLP or sham surgeries and immediately after were administered
i.v. NADA (10 mg/kg) or vehicle. Levels of IL-6 (A), CCL-2 (B), IL-10 (C), and PAI-1 (D)
were quantified in plasmas 6 hours after surgery. ***, p < 0.001, ****, p < 0.0001, when
comparing CLP mice in the presence or absence of NADA. Data are representative of

three independent experiments (means £ SD of n = 4-10 mice per group).
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Figure 3.6
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Figure 3.6. TRPV1 mediates NADA anti-inflammatory activity in endotoxemic

mice.

WT and Trpv1” mice were challenged i.v. with LPS and immediately after were treated
i.v. with NADA (10 mg/kg) or vehicle (A-D), capsaicin (0.2 mg/kg), or vehicle (E-H).
Plasma concentrations of IL-6 (A and E) CCL2 (B and F), IL-10 (C and G), and PAI-1 (D
and H) were quantified at 2 hours. Treatment with capsaicin alone did not affect
baseline levels of inflammatory mediators or PAI-1 (data not shown). NS, not significant.
** n < 0.001 when comparing LPS and NADA-treated WT versus Trpv1” mice; *, p <
0.01 when comparing LPS-treated WT mice in the presence or absence of NADA; **, p
< 0.01 when comparing LPS-treated mice in the presence or absence of capsaicin. Data

are representative of two independent experiments (means + SD of n = 4 mice per

group).
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Figure 3.7
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Figure 3.7. TRPV1 mediates the effects of NADA on inflammatory cytokines and

PAI-1 in Pam3Cys-treated mice.

WT and Trpv1” mice were challenged i.v. with Pam3Cys (10 mg/kg) immediately prior
to i.v. administration of NADA (10 mg/kg) or vehicle (A-D). Plasma levels of IL-6 (A)
CCL2 (B), IL-10 (C), and PAI-1 (D) were quantified 2 hours after Pam3Cys challenge.
Mice that received saline instead of Pam3Cys had only background levels of cytokines
regardless of NADA administration (data not shown). NS, not significant. **, p < 0.01
when comparing Pam3Cys+NADA-treated WT versus Trpv1” mice; *, p < 0.01 when
comparing Pam3Cys-treated WT mice in the presence or absence of NADA. Data are

representative of two independent experiments (means + SD of n = 5-6 mice per group).
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Figure 3.8
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Figure 3.8. Verification of bone marrow engraftment in chimera mice by flow

cytometry.

Flow cytometry was performed to verify engraftment of donor bone marrow in recipient
mice 8-9 weeks after irradiation. Whole blood was collected from recipient mice and
stained for the expression of CD45.1 and CD45.2. Plots show data from the transfer of
CD45.2* WT (A) or CD45.2* Trpv1” (B) bone marrow into CD45.1* WT recipient mice.
Plots also show the reverse chimera in which CD45.2* Trpv1” (C) or CD45.1* WT (D)
bone marrow was transferred into CD45.2* Trpv1™ recipient mice. For both experiments

>95% of the hematopoietic cells in the chimera mice were of donor origin.
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Figure 3.9
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Figure 3.9. Non-hematopoietic TRPV1 mediates the anti-inflammatory activity of

NADA in endotoxemic mice.

(A-D) Irradiated CD45.1* recipient mice were reconstituted with WT or Trpv1” donor
bone marrow. Following engraftment, bone marrow chimeras were challenged i.v. with
LPS or vehicle and immediately after were treated i.v. with NADA (10 mg/kg) or vehicle.
Plasma levels of IL-6 (A), CCL2 (B), IL-10 (C), and PAI-1 (D) were quantified at 2 hours.
NADA on its own did not affect baseline levels of inflammatory mediators or PAI-1 (data

not shown).

(E-H) Irradiated Trpv1” CD45.2* recipient mice were reconstituted with CD45.1* WT or
Trpv1'/' donor bone marrow. As controls, WT CD45.2" recipient mice were reconstituted
with CD45.1" WT donor bone marrow. Following engraftment, bone marrow chimeras
were challenged i.v. with LPS or vehicle and immediately after were treated i.v. with
NADA (10 mg/kg) or vehicle. Plasma levels of IL-6 (E), CCL2 (F), IL-10 (G), and PAI-1
(H) were quantified at 2 hours. NADA on its own did not affect baseline levels of

inflammatory mediators or PAI-1 (data not shown).

NS, not significant. *, p < 0.05 when comparing LPS-treated recipient mice receiving WT
versus Trpv1” bone marrow. * p < 0.01; " p < 0.001 when comparing LPS-treated
mice in the presence or absence of NADA. Data are representative of two independent

experiments (means £ SD of n = 8 mice per group).
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Figure 3.10
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Figure 3.10. TRPV1 is not necessary for the anti-inflammatory activity of NADA in

LPS-treated hematopoietic cells or endothelial cells ex vivo.

Cultured primary murine bone marrow (A and B), microglia (C and D), and lung
endothelial cells (E and F) were pre-treated for 1 hour with NADA (1 uM), and then LPS
(10 ng/mL) was added to wells for an additional 6 hours in the continued presence of
NADA. IL-6 levels were quantified in culture supernatants. NS, not significant. *, p <
0.05 when comparing LPS-treated cells in the presence or absence of NADA. Fp<
0.05 when comparing cells to untreated controls. Data are representative of two

independent experiments (means + SD of n = 4 wells per group).
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Figure 3.11
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Figure 3.11. CB2R mediates the anti-inflammatory activity of NADA systemically,

and in LPS-treated hematopoietic cells and endothelial cells ex vivo.

(A-D) Cultured primary murine bone marrow (A and B) and endothelial cells (C and D)
were pre-treated for 1 hour with NADA (1 uM), and then LPS (10 ng/mL) was added to
wells for an additional 6 hours in the continued presence of NADA. IL-6 levels were
quantified in culture supernatants. NS, not significant. *, p < 0.05 when comparing LPS-
treated cells in the presence or absence of NADA. * p < 0.05 when comparing cells to
untreated controls. Data are representative of two independent experiments (means *

SD of n = 4 wells per group).

(E-H) WT and Cnr2” mice were challenged i.v. with LPS and immediately after were
treated i.v. with NADA (10 mg/kg) or vehicle. Plasma concentrations of IL-6 (E) CCL2
(F), and IL-10 (G), and PAI-1 (H) were quantified at 2 hours. NS, not significant. *, p <
0.05 when comparing LPS and NADA-treated WT versus Cnr2” mice; ¥, p < 0.05 when
comparing LPS-treated WT mice in the presence or absence of NADA. Data are

representative of two independent experiments (means = SD of n = 4 mice per group).
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Figure 3.12
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Figure 3.12. NADA regulates neuropeptide release via TRPV1 in endotoxemic

mice.

WT and Trpv1” mice were challenged i.v. with LPS or carrier, and then immediately
treated i.v. with NADA (10 mg/kg) or vehicle. Substance P (A) and CGRP (B) were
quantified in plasmas at 2 hours. NS, not significant. *, p < 0.05 when comparing LPS-
treated mice in the presence or absence of NADA; *°, p < 0.05 when comparing WT ()
or Trov1” (5) mice to their respective vehicle controls. Data are representative of two

independent experiments (means + SD of n = 4-6 mice per group).
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Materials and Methods

Mice

C57BL/6J wild-type (WT), B6.129X1-Trpv1™" 1) (Trpv1™), congenic B6.SJL-Ptprc?
mice (CD45.1%), and B6.129P2-Cnr2"™'P%"/) (Cnr2”") mice were purchased (Jackson
Laboratory, Bar Harbor, Maine). Experiments used 8-week-old male or female mice.
The University of California San Francisco IACUC approved all animal studies, and
experiments were performed in accordance with the PHS Policy on Humane Care and
Use of Laboratory Animals. Unless otherwise noted, adult mice were euthanized using
COz asphyxiation followed by bilateral thoracotomies and exsanguination by direct

cardiac puncture.

Treatment with LPS, Pam3Cys, NADA, AEA, 2-AG, and capsaicin

WT and Trpv1"' mice were injected intravenously (i.v.) (“challenged”) with either 0.9%
saline, Pam3Cys (10 mg/kg; EMC Microcollections, Tubingen, Germany), LPS (5
mg/kg; Sigma-Aldrich, St. Louis, MO), or 0.9% saline (carrier for LPS and Pam3Cys)
immediately prior to i.v. administration of NADA, AEA, 2-AG, or capsaicin (Tocris,
Minneapolis, MN) dissolved in vehicle (5% tween-20 in PBS), or with vehicle alone. We
used a capsaicin dose of 0.2 mg/kg based on pilot dose-response studies in which we
found that capsaicin significantly reduced cytokine levels in endotoxemic mice at 0.2
mg/kg, but not at 0.01 or 0.05 mg/kg. Unless otherwise noted, whole blood was
collected via cardiac puncture for cytokine analysis two hours post-injection using citrate

as the anticoagulant. In each experiment, at least four mice were used per condition,
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and experiments were performed at least twice on different weeks. The doses of

Pam3Cys and LPS used were established in pilot dose-response studies.

Immunoassays and MTT assay

IL-6, CCL-2, IL-10, and PAI-1 levels were quantified in mouse plasmas by ELISA (R&D
Systems, Minneapolis, MN and Innovative Research, Novi, MI, respectively). Substance
P and CGRPa/p levels were quantified in mouse plasma samples by EIA (Enzo Life
Sciences, Farmingdale, NY and Cayman Chemicals, Ann Arbor, MI, respectively), and
absorbance read using a FLUOstar OPTIMA fluorescent plate reader (BMG Labtech,
Cary, NC). Plasma samples were also analyzed for cytokines with the Bio-Plex Pro
Mouse 23-Plex Group 1 magnetic bead-based multiplex assay (Bio-Rad, Hercules, CA)
using the MAGPIX instrument and xPONENT analysis software (Luminex, Austin, TX)
according to the manufacturer’s specifications. The lower limit of detection and intra-
assay % coefficient of variability (% CV) for this panel of analytes was: IL-18 = 47.68
pg/mL (4.8% CV); TNFa = 13.62 pg/mL (4.7% CV); IL-10 = 4.99 pg/mL (3.4% CV);
CCL2 = 35.82 pg/mL (4.7% CV); CCL3 = 1.53 pg/mL (4.3% CV); CCL4 = 2.46 pg/mL
(3.9% CV); CCL5 = 1.69 pg/mL (3.4% CV); IL-12p40 = 5.74 pg/mL (3.2% CV); and
CXCL1 = 3.54 pg/mL (1.9% CV). MTT assays were performed to assess cell viability as

described (209).

LC-MS/MS

An analytical LC-MS/MS method to detect endocannabinoids in plasma was developed

at Cayman Chemical. Plasmas were collected at 0, 5, 10, 30, or 60 minutes after i.v.
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administration of NADA to WT mice. Plasma samples were analyzed by LC-MS/MS

using a NADA standard prepared at Cayman Chemical as described (209).

Cecal ligation and puncture (CLP)

CLP was performed on 8-week-old female WT mice as described (236). Briefly, mice
were anesthetized with isoflurane and then were administered a 1mL bolus of saline
subcutaneously (s.c.) to account for fluid loss. The abdominal cavity was opened, and
the cecum was exteriorized and ligated midway between the tip and the ileocecal
junction. The cecum was then punctured once using a 20-gauge needle, and light
pressure was applied to extrude a small amount of stool from the puncture site. The
cecum was replaced into the abdomen, the incision was closed using a silk suture, and
the skin was closed using a clip stapler. For analgesia, bupivacaine was applied locally
to the incision site during closure, and buprenorphine was administered s.c. immediately
prior to incision and again at four hours. Sham mice underwent the identical procedure,
but without the cecal ligation or puncture. NADA (10 mg/kg, i.v., Cayman Chemicals) or
vehicle (5% tween-20 in PBS) was administered to mice immediately after surgery and

again two hours post-operatively.

Preparation of primary murine cells

Peripheral blood mononuclear cells (PBMCs) were isolated from murine whole blood
collected in citrate by gradient centrifugation using LymphoprepT"’I (Axis-Shield, Oslo,
Norway) as per the manufacturer’s instructions. Primary peritoneal cells were isolated

from adult mice as described (237). Primary lung endothelial cells (mMECs) and microglia
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were prepared from 6-7 day old mouse pups immediately after decapitation as
described (53, 186, 238). The purity of the cell populations was verified by flow
cytometry as described below. WT and Trpv1” endothelial cells were 90.3% and 90.9%

pure respectively.

Bone marrow chimera studies

Bone marrow was isolated from 8-week-old male WT and Trpv?” donor mice as
described, and erythrocytes were lysed using RBC Lysis Buffer (Sigma-Aldrich) (239).
For the generation of chimeric mice, bone marrow hematopoietic cells were suspended
in PBS to a final concentration of 1x10” cells/mL. Bone marrow chimeras were
produced by lethally irradiating recipient CD45.1" congenic mice with a split dose of
1,100 rad, followed by i.v. administration of 2x10° WT or Trpv1” donor bone marrow
cells. For the reverse bone marrow chimera, recipient CD45.2" WT or Trvp1'/' mice were
irradiated and administered WT CD45.1" or Trpv1'/' bone marrow. To allow sufficient
recovery time from the bone marrow transplantation, experiments were performed 8-9
weeks after irradiation. Recipient mice were fed antibiotic pellets containing
Sulfamethoxadazole and Trimethoprim one week prior to and three weeks after
irradiation. Bone marrow engraftment was verified by flow cytometry as described

below. Chimeras were challenged with LPS and treated with NADA as described above.
Ex vivo NADA and inflammatory agonist treatments

Endothelial cells were grown to confluence in 48-well plates before agonist treatment.

Microglia were plated at 8x10* cells/well in 48-well plates and used two days after
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plating. In all experiments, cells were pre-incubated with NADA or vehicle (ethanol) at
the indicated concentrations for one hour prior to and continuously during the
inflammatory agonist treatment. The inflammatory agonists Pam3Cys (10 mg/mL) or
LPS (10 ng/mL) were added for six hours. Preparations of Pam3Cys contained <0.002

EU/mL endotoxin based on the kinetic turbidimetric Limulus amoebocyte lysate assay.

Flow cytometry

Mice were euthanized and whole blood was collected by cardiac puncture, and
erythrocytes were lysed using RBC Lysis Buffer. Cultured primary murine cells were
detached with Accutase (Innovative Cell Technologies, San Diego, CA). Cells were
passed through a 70 uM cell strainer, counted, and aliquoted at 1x10° cells per sample.
Cells were washed using PBS without Ca®* and Mg?®* and incubated with LIVE/DEAD™
violet fluorescent reactive dye (Thermo Fisher Scientific, Waltham, MA) in PBS for 30
minutes at 4°C to assess cell viability. Cells were then washed using Flow Cytometry
Staining Buffer (FCSB) (R&D Systems) and incubated with rat anti-mouse I1gG (1 ug
Thermo Fisher Scientific) in FCSB for 15 minutes at 4°C. Next, cells isolated from whole
blood were incubated for 30 minutes at 4°C with specific antibody (1 ug) or isotype
control (1 ug). Samples were washed twice with FCSB and then fixed using BD CytoFix
(250uL, BD Bioscience, San Jose, CA) for 30 minutes at 4°C. The samples were
washed once more with FCSB and then analyzed by flow cytometry (BD LSRIl Flow
Cytometer, BD Biosciences). Antibodies used were purchased from BD Biosciences
unless otherwise noted: FITC-mouse anti-mouse CD45.1, APC-mouse anti-mouse

CD45.2, FITC-mouse IgG2a k, APC-mouse IgG2a «, FITC-rat anti-mouse CD102, PE-
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rat anti-mouse CD31, FITC-rat anti-mouse IgG2a k, PE-rat anti-mouse 1gG2a «, and

Alexa Fluor 750-rat anti-mouse aM/CD11b (R&D Systems).

Statistics

The data were analyzed using nonparametric-based biostatistics. Mann-Whitney tests
were used to compare 2 groups; Kruskal-Wallis tests were used for multiple
comparisons under a single, defined variable. P < 0.05 was considered to be statistically
significant for all data. The data in graphs are presented as means += SD. All

experiments were repeated at least twice.
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CHAPTER 4

N-arachidonoyl dopamine (NADA) affects inflammation by regulating endothelial

and systemic prostanoid metabolism
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Abstract

Bioactive lipids are a tightly regulated, complex network of mediators, and
include the prostaglandins, thromboxane, leukotrienes, and endocannabinoids.
Previous work in our lab has shown that the endocannabinoid N-arachidonoyl dopamine
(NADA) is able to modulate inflammatory responses both in vivo and in vitro through
cannabinoid receptors -1 and -2 (CB4R and CB3R) and transient receptor potential
vanilloid 1 (TRPV1). Here we show that NADA induces the expression of
cyclooxygenase (COX)-2 in primary human endothelial cells, and that the activation of
CB4R, CB2R, and TRPV1 by NADA regulates this induction. Furthermore, we find that
the anti-inflammatory activity of NADA in endothelial cells is dependent upon COX
enzymes, and that treatment of endothelial cells with NADA during LPS challenge
decreases prostanoid levels. Finally, we show that treatment with NADA generates the
novel prostaglandin analog prostaglandin Dz-dopamine (PGD»-DA), which possesses
similar immunomodulatory activity to NADA in vitro. These results indicate that NADA
has unique effects on prostanoid metabolism and raise the exciting possibility that the
pathway of NADA may be targeted therapeutically for the regulation of acute

inflammation in sepsis.

Introduction

The immune response is an intricate system of communication dependent upon
cell-to-cell contact and soluble factors. A wide range of classes of molecules have pro-
inflammatory effects that help initiate proper immune responses, including, but not

limited to, amines (e.g. histamine, bradykinin), adhesion molecules, complement,
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cytokines, chemokines, and nucleotides (240). Bioactive lipid mediators are increasingly
recognized as playing key roles in the regulation of inflammation (241-243). Lipid
mediators are a diverse group that includes w-3, w-6, and w-9 polyunsaturated fatty
acids. Unlike more classical inflammatory mediators, lipids cannot be stored in vesicles
within cells prior to release, since they freely diffuse across membranes (244-246). As a
result, lipids are synthesized on-demand from phospholipids in the plasma membrane
(242, 244-246). Since lipid mediators have a short half-life (seconds to minutes), they
are usually synthesized at their intended site of action, though their local signaling may
have profound effects systemically (147, 247-249). After synthesis, lipids undergo both
enzymatic and non-enzymatic degradation (242, 250-252). These unique characteristics
allow for another layer of inflammatory regulation that can be rapidly induced and
inactivated, independent of protein synthesis.

Arachidonic acid is a precursor for a number of bioactive lipids, termed
eicosanoids (Figure 4.1). Both immune and non-immune cells produce eicosanoids,
such as prostaglandins, leukotrienes, lipoxins, and endocannabinoids, in response to
exogenous and endogenous stimuli (253-261). Eicosanoids regulate a vast array of
cellular processes integral to the inflammatory response, including intercellular
communication, cytokine production, leukocyte chemotaxis, vascular permeability, and
coagulation (262, 263). Accordingly, drug classes including steroids and non-steroidal
anti-inflammatory drugs (NSAIDs) affect inflammation by inhibiting eicosanoid
production (243, 264-267). While the effects of some eicosanoids on inflammation have
been studied extensively, the precise roles of others, including the endocannabinoids,

are not as well understood. Our lab has recently shown that the endocannabinoid N-
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arachidonoyl dopamine (NADA) uniquely reduces the secretion of the pro-inflammatory
cytokines IL-6 and IL-8 by activated primary human endothelial cells (209). In addition,
in endotoxemic and septic mice, we observe that NADA reduces plasma levels of IL-8,
CCL2, and the anti-fibrinolytic factor plasminogen activator inhibitor-1 (PAI-1), while
increasing levels of the anti-inflammatory cytokine IL-10 (Chapter 3). Neither of the thus
far more extensively studied endocannabinoids, N-arachidonoylethanolamine
(anandamide; AEA) or 2-arachidonoylglygerol (2-AG) affected endothelial or systemic
cytokine production (Chapter 3 and (209)). NADA has also been reported to regulate
smooth muscle contraction, vasorelaxation, and hyperalgesia (32, 64, 68, 69, 73, 75).
Thus, similar to other eicosanoids, NADA is able to regulate diverse inflammatory and
physiological responses. Furthermore, we have shown that the activity of NADA in
endothelial cells is dependent upon the G-protein coupled receptors cannabinoid
receptor-1 and -2 (CB4R and CB3R, respectively), as well as the non-specific cation
channel transient receptor potential vanilloid 1 (TRPV1) (Chapter 3 and (65, 69-72,
209)). Together, these receptors fine-tune the human endothelial cell response to
NADA.

NADA has also been reported to regulate the metabolism of other eicosanoids,
which contributes to its immunomodulatory activity. For example, N-acyl-dopamines can
act as substrates or inhibitors of the lipoxygenase pathway (139, 268, 269). In addition,
NADA has been found to stabilize cyclooxygenase (COX)-2 mRNA in a murine brain
endothelial cell line independently of the cannabinoid receptors and TRPV1, resulting in
the accumulation of COX-2 protein (77). COX-2 is inducible and rapidly upregulated

after an inflammatory insult to mediate the immune response (270-273). COX enzymes
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catalyze the synthesis of the subclass of immunomodulatory eicosanoids, termed
prostanoids (Figure 4.1). As a result, COX enzymes are the targets of numerous drugs,
including, but not limited to, aspirin, ibuprofen, and naproxen (274, 275). In addition to
upregulating COX-2, NADA has also been reported to specifically inhibit prostaglandin
E, (PGEz) and induce prostaglandin D, (PGD,) in a murine brain endothelial cell line by
differentially regulating their synthesis enzymes (77).

While endocannabinoids have been shown to regulate lipid biosynthesis, they
have also been reported to serve as substrates themselves for lipid metabolism
enzymes (276-279). Though COX-2 normally metabolizes arachidonic acid, it is also
able to oxygenate the endocannabinoids AEA and 2-AG (276, 278, 280). This
metabolism generates bioactive prostaglandin analogs, termed prostaglandin glycerol
esters for 2-AG and prostaglandin ethanolamides (prostamides) for AEA (276-278, 280-
283). These prostaglandin analogs have pharmacological properties that are distinct
from their precursor endocannabinoids (253, 284). They can activate calcium signaling
in macrophages, enhance postsynaptic currents in neurons, and regulate pain
sensation, thus having critical functions in both the immune and nervous systems (285-
288). Prostaglandin glycerol esters and prostamides are believed to bind to a specific
receptor, or receptors, that are separate from the prostaglandin, cannabinoid, or TRP
receptors (289-291). However, the wild-type prostaglandin receptor has also been
hypothesized to heterodimerize with an alternative splicing variant to generate a binding
site specific for the prostaglandin analog (292-294). Although a unique prostamide or

prostaglandin glycerol ester receptor has not yet been identified, inhibitors and analogs

130



have been generated (284, 295-299). Overall, it is clear that endocannabinoids are
critical components of the bioactive lipid metabolic network.

Our previous data showing the immunomodulatory effects of NADA in primary
human endothelial cells, coupled with the reported effects of NADA on prostanoid
metabolism, led us to hypothesize that NADA mediates its effects on endothelial
inflammation by regulating lipid networks. Understanding the mechanisms of endothelial
lipid signaling can provide essential insight into inflammatory regulation for disorders
that are characterized by endothelial dysfunction, such as sepsis. Endothelial
dysfunction can lead to coagulopathy with diffuse microvascular thrombosis, increased
leukocyte activation within multiple organs, and capillary leak leading to intravascular
hypovolemia and edema (16). Thus, the regulation of initial endothelial cell inflammatory
responses can prevent more distal, excessive inflammation that harms the host.
Consistent with previous reports, we find that NADA upregulates COX-2 expression in
primary human endothelial cells. However, we show that this upregulation is dependent
upon both cannabinoid receptors and TRPV1. We also report that the
immunomodulatory activity of NADA is partially dependent upon COX enzyme activity.
Furthermore, NADA inhibits LPS-induced PGE;, TXA,, and PGl,. Finally, we are the
first show that NADA, similar to the endocannabinoids AEA and 2-AG, is also
metabolized by COX-2 to generate its own prostaglandin analog, prostaglandin D-
dopamine (PGD2-DA). Like NADA, PGD»-DA reduces endothelial cytokine production
induced by inflammatory agonists. Collectively, these data indicate that NADA is able to

moderate endothelial inflammation through the regulation of endothelial lipid
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metabolism, and suggests that this novel pathway may be targeted for the treatment of

acute inflammatory disorders.

Results

The anti-inflammatory activity of NADA in endothelial cells depends upon its
upregulation of COX-2

Since endocannabinoids have been shown to regulate lipid metabolism, we
hypothesized that the mechanism of activity of NADA in endothelial cells may depend
upon its regulation of eicosanoid metabolic enzymes. We tested the effects of NADA,
AEA, and 2-AG on the expression of enzymes involved in lipid metabolism in primary
human endothelial cells at baseline, as well as after treatment with the inflammatory
agonists LPS and TNFa. Since we have previously shown that NADA, but neither AEA
nor 2-AG, possesses anti-inflammatory activity in primary human endothelial cells, we
were particularly interested in effects that were specific to NADA (209). We found that
NADA, but neither of the other tested endocannabinoids, consistently induced the
expression of COX-2 (prostaglandin G/H synthase 2; PTGS2) by qPCR (Table 4.1).
This upregulation of COX-2 transcript was observed in endothelial cells treated with
NADA alone, or in the presence of LPS or TNFa (Table 4.1). Of the panel of genes
tested, NADA also reduced TNFa-induced transcript levels of prostaglandin E synthase
(PTGES) (Table 4.1). In contrast, 2-AG further increased the levels of PTGES in the
presence of TNFa (Table 4.1). The distinct effects of NADA on lipid metabolic enzyme
expression suggest that the eicosanoid biosynthetic pathway may in part mediate the

immunomodulatory properties of NADA in the endothelium.
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We confirmed the upregulation of COX-2 by NADA at the protein level by
immunoblot (Figure 4.2A). Primary human lung microvascular endothelial cells (lung
HMVECs) were stimulated with AEA, 2-AG, NADA, or TNFa alone for 1, 6, or 20 hours.
NADA and TNFa induced COX-2 protein levels to a similar extent by 20 hours, while
neither AEA nor 2-AG affected COX-2 expression in comparison to ethanol treatment
(Figure 4.2A). To determine if this upregulation of COX-2 by NADA contributes to its
endothelial anti-inflammatory activity, we treated lung HMVECs with the COX inhibitor
indomethacin for 1 hour, and then stimulated with NADA and LPS for an additional 20
hours while in the continuous presence of indomethacin. Indomethacin prevented the
NADA-mediated reduction of both IL-6 and IL-8 in a dose-dependent manner (Figure
4.2, B and C). These data indicate that NADA not only upregulates COX-2 protein in
endothelial cells, but also that NADA exerts its anti-inflammatory effects via COX

activity.

The induction of COX-2 by NADA depends upon CB1R/CB2R and TRPV1

Previous work in our lab has shown that both the cannabinoid receptors and
TRPV1 mediate the immunomodulatory activity of NADA in primary human and mouse
endothelial cells (Chapter 3 and (209)). In order to determine if the upregulation of COX-
2 by NADA depends upon any of these receptors, we incubated lung HMVECs with
inhibitors of CB1R and CB2R (CP945598 and SR144528, respectively) or the TRPV1
inhibitor AMG9810 for 1 hour, and then stimulated with NADA for 20 hours. Lung

HMVEC treatment with CB{R/CB2R inhibitors reduced the expression of COX-2,
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whereas treatment with the TRPV1 inhibitor augmented COX-2 expression in
comparison to NADA alone (Figure 4.3A).

To confirm these data, we isolated primary endothelial cells from WT, Trpv1”,
and Cnr2” mice and stimulated them with NADA or TNFa for 4 hours. After stimulation,
MRNA transcript levels of COX-2 were measured by gPCR. In comparison to WT cells,
Cnr2” endothelial cells had decreased COX-2 mRNA transcripts, while Trpv1” cells
had augmented COX-2 mRNA levels (Figure 4.3B). To verify protein levels of COX-2,
WT, Trpv1'/', and Cnr2” endothelial cells were isolated and stimulated with NADA or
TNFa for 20 hours. Consistent with the results obtained using receptor inhibitors, Cnr2”
murine endothelial cells had reduced COX-2 expression, while Trpv1” cells had
augmented COX-2 protein levels (Figure 4.3C). These results confirm that the
upregulation of COX-2 by NADA is promoted by its activation of CB3R, and inhibited by

its activation of TRPV1.

NADA inhibits LPS-induced PGl,, TXA;, and PGE; production, but promotes PGD;
in endothelial cells

Since NADA modulates levels of both COX-2 and PTGES, we sought to
determine if NADA affects the production of prostanoids, which are downstream of
COX-2 activity. We treated lung HMVECs with NADA for 1 hour, and then stimulated
with LPS for 20 hours, while in the continuous presence of NADA. NADA did not affect
background levels of 6-keto-PGF+, (used as a readout for PGly), TXB, (used as a
readout for TXA,), or PGE; in culture supernatants (Figure 4.4, A-C). However, NADA

abated the LPS-induced levels of 6-keto-PGF 44, TXB2, and PGE; (Figure 4.4, A-C). In
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contrast, NADA upregulates PGD, in endothelial cells in the absence of LPS and
augments LPS-induced PGD, production (Figure 4.4D). Consistent with results
obtained using LPS, NADA also inhibits 6-keto-PGF14, TXB2, and PGE; production, and
increases PGD, levels, after treatment with TNFa or IL-18 (data not shown). Thus,

NADA is able to differentially regulate prostanoid metabolism.

AEA, 2-AG, and NADA have differential effects on endothelial prostanoid
metabolism

We hypothesized that the effects of NADA on prostanoid metabolism contributes
to its anti-inflammatory activity in endothelial cells. Since neither AEA nor 2-AG have
immunomodulatory activity in the endothelium, we aimed to determine if they affected
prostanoid production in a manner distinct from that of NADA. We treated lung HMVECs
with AEA, 2-AG, or NADA for 1 hour, followed by LPS for 20 hours, while in the
continuous presence of the endocannabinoid. In contrast to NADA, AEA and 2-AG
augment LPS-induced 6-keto-PGF44, TXB,, and PGE; (Figure 4.5, A-C). Furthermore,
while NADA augments baseline and LPS-induced PGD; levels, 2-AG reduces PGD;
production in both conditions (Figure 4.5D). Similarly to NADA, AEA also increases
LPS-induced PGD3, but instead inhibits baseline PGD production (Figure 4.5D). Taken
together, these data illustrate that the different endocannabinoids distinctly regulate
endothelial prostanoid metabolism, which we speculate may contribute to their unique

effects on inflammatory outputs.

NADA reduces serum levels of PGlI; in vivo during murine endotoxemia
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We have previously shown that NADA has anti-inflammatory effects during
murine endotoxemia (Chapter 3). In order to determine if NADA also regulates in vivo
prostanoid metabolism in addition to endothelial prostanoid levels, we quantified serum
levels of the prostanoids by mass spectrometry 2 hours after intravenous (i.v.) injection
of NADA and LPS. Consistent with its results in vitro, NADA reduced levels of 6-keto-
PGF., (Figure 4.6A). However, NADA did not affect serum levels of TXB,, PGE,, or

PGD; (Figure 4.6, B-D).

R-profens inhibit the NADA-mediated induction of PGD,

Since we found that NADA induced PGD;, expression by EIA in vitro (Figure
4.4D), but did not observe the same results by mass spectrometry in vivo (Figure 4.6D),
we hypothesized that NADA may be converted into a prostaglandin analog that cross-
reacts with the PGD2 EIA kit. Normally, arachidonic acid is oxygenated by COX-2 to
generate PGD, (Figures 4.1 and 4.7A). However, it is possible that, similar to other
endocannabinoids, NADA itself may be oxygenated by COX-2 to generate the
prostaglandin analog, prostaglandin D,-dopamine (PGD,-DA), which could have its own
immunological effects (Figure 4.7A).

To test this hypothesis, we utilized R-profens, which have been shown to inhibit
the oxygenation of endocannabinoids without affecting the oxygenation of arachidonic
acid by COX-2 (Figure 4.7A) (300). We treated lung HMVECs with the R-profen R-
ibuprofen for 1 hour, and then stimulated with NADA and LPS for 20 hours while in the
continuous presence of R-ibuprofen. R-ibuprofen significantly reduced PGD;, levels after

treatment with NADA and LPS, suggesting that the majority of the PGD, detected by the
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EIA kit is the product of NADA oxygenation and likely a prostaglandin analog (Figure
4.7B). We requested the synthesis of PGD»-DA by Cayman Chemical and confirmed its
cross-reactivity with the PGD, EIA kit (data not shown).

To determine if the generation of a prostaglandin analog is required for the
immunomodulatory functions of NADA in the endothelium, we also quantified
supernatant levels of IL-8 and IL-6 after 20 hours (Figure 4.7, D and E). R-ibuprofen
partially restored the production of both IL-8 and IL-6 in the presence of NADA and LPS
(Figure 4.7, D and E). Consistently, the R-profen R-flurbiprofen also restored IL-8 and
IL-6 levels after a 20 hours stimulation with NADA and LPS (Figure 4.8, A and B). As a
control, we incubated lung HMVECs with S-ibuprofen, which inhibits oxygenation of
both arachidonic acid and endocannabinoids (Figure 4.4A). In the presence of NADA
and LPS, treatment with S-ibuprofen did not significantly alter levels of IL-6 or IL-8 in
comparison to R-ibuprofen treatment, indicating that the modulation of cytokine
production is due to the oxygenation of NADA and not arachidonic acid (Figure 4.7, D
and E). Together, these results support the hypothesis that NADA induces the

expression of the novel, bioactive prostaglandin analog, PGD2-DA.

NADA induces the production of PGD,-DA, a novel prostaglandin analog that has
anti-inflammatory activity in the endothelium

Our results thus far supported the hypothesis that NADA induces the expression
of a novel prostaglandin analog that cross-reacts with a PGD, EIA kit. To confirm the
identity of this prostaglandin analog, we treated lung HMVECs with R-ibuprofen for 1

hour, and then with NADA for 20 hours and quantified PGD, and PGD»-DA levels in cell
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lysates by mass spectrometry. We found that NADA did not cause any significant
changes in the levels of PGD, in the presence or absence of LPS (Figure 4.9A).
However, we found that NADA did in fact induce the expression of PGD,-DA in the
absence of LPS (Figure 4.9B). While LPS itself did not induce PGD,-DA, LPS did
further augment PGD»-DA levels in the presence of NADA (Figure 4.9B). R-ibuprofen
significantly reduced levels of PGD,-DA without affecting PGD; levels, consistent with
its ability to inhibit oxygenation of NADA but not arachidonic acid (Figure 4.9, A and B).
This is the first evidence of the production of PGD,-DA by any cell type.

In order to determine if PGD»-DA is responsible for the effects of NADA on
endothelial activation, we incubated lung HMVECs with NADA or PGD,-DA for 1 hour,
and then stimulated cells with LPS for 6 hours. Similarly to NADA, PGD,-DA dose-
dependently reduced the production of IL-8 (Figure 4.9, C and D) and IL-6 (Figure 4.9,
E and F). Together with the ability of R-profens to inhibit the anti-inflammatory activity of
NADA (Figure 4.7, C and D, and Figure 4.8), these results indicate that PGD,-DA is
anti-inflammatory in endothelial cells and is likely part of the mechanism by which NADA

modulates endothelial inflammation.

PGD,-DA modulates inflammation via an unidentified receptor

In order to determine the receptor responsible for the immunomodulatory
functions of PGD»-DA, we submitted PGD,-DA for massively-parallel physical screening
of the entire druggable GPCR-ome (301). PGD,-DA was tested for its binding affinity at
all druggable GPCRs (Table 4.2) PGD,-DA was found to bind dopamine receptor D,

and D; (DRD2 and DRD3, respectively) (Table 4.2). To determine if either receptor is
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required for the immunomodulatory activity of PGD,-DA in endothelial cells, we
incubated lung HMVECs with 0.01-10 uM of a selective DRD2 inhibitor (L-741,626) or
DRD3 inhibitor (SB277011A) for 1 hour, followed by treatment with PGD2-DA and LPS
for 6 hours. None of the tested concentrations of DRD2 or DRD3 inhibitors were able to
restore IL-8 or IL-6 production in cells treated with PGD,-DA or LPS (Figure 4.10, A-D).

Thus, the precise receptor required for endothelial PGD,-DA activity remains unknown.

Discussion
We have shown that the endocannabinoid NADA upregulates COX-2 in primary
endothelial cells via the cannabinoid receptors CB1R/CB2R and TRPV1, and that the
anti-inflammatory activity of NADA in the endothelium is partially dependent upon COX
activity. In addition to inducing COX-2, NADA uniquely modulates prostanoid production
both in endothelial cells and systemically in mice. We have provided the first evidence
that NADA induces the production of the novel bioactive prostaglandin analog, PGD.-
DA, which has immunomodulatory activity in the endothelium. Taken together, these
data illustrate that NADA can regulate inflammatory outcomes by modulating eicosanoid
metabolism. We speculate that the pathway of NADA may serve as a novel therapeutic
target for the treatment of inflammatory disorders characterized by endothelial
dysregulation, such as sepsis.
While COX-2 is usually associated with pro-inflammatory outcomes, we observe
that the upregulation of COX-2 by NADA is required for its anti-inflammatory activity.
COX-2 is induced in response to pathogens, host-derived damage-associated pro-

inflammatory stimuli, cytokines, and mitogens (270, 302-305). This peak usually occurs

139



around 2 hours and is associated with maximal PGE, synthesis, an influx of
polymorphonuclear leukocytes, and vasodilation (270, 302, 306-308). However,
increasing evidence supports the idea that COX-2 may also possess anti-inflammatory
activity over time. Approximately 48 hours after an inflammatory stimulus, there is a
second, more dramatic peak in COX-2 levels (262, 306-311). This second peak in COX-
2 is instead associated with minimal PGE, production, enhanced PGD; levels, and
mononuclear leukocyte influx, suggesting that COX-2 is also involved in the resolution
of inflammation (306, 309, 310). The dual nature of COX-2 in inflammation is also made
evident by the fact that treatment with COX-2 inhibitors reduces inflammation at 2
hours, but exacerbates inflammation at 48 hours (306). Our results are consistent with
this role for COX-2 in inflammatory resolution. Treatment with NADA induces a late
peak (~20 hours) in COX-2 expression, and inhibition of COX activity restores LPS-
induced IL-6 and IL-8 levels in NADA-treated samples. Accordingly, PGE; production is
also minimized at this later time point. While further studies are needed to understand
the precise role of COX-2 in regulating inflammation, our work supports COX-2 activity
as a central mechanism by which NADA resolves endothelial inflammation.

We report that the upregulation of COX-2 protein by NADA is dependent upon
the cannabinoid receptors CB{R/CB,;R and the cation channel TRPV1. Treatment of
lung HMVECs with CB1R and CB2R inhibitors caused a decrease in NADA-induced
COX-2 protein, while treatment with a TRPV1 inhibitor augmented COX-2 levels.
Consistent with these results, COX-2 mRNA transcript levels and protein levels were
augmented in primary murine endothelial cells from Trpv1” mice, and reduced in cells

isolated from Cnr2” mice. Though a genetic model of CB+R disruption was unavailable,
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these results support the fact that NADA modulates COX-2 expression via activity at the
cannabinoid receptors and TRPV1, and are consistent with our earlier studies that show
NADA modulates primary human endothelial cell activation via these receptors (209).
Our previous results indicate that NADA promotes inflammatory cascades via activation
of endothelial TRPV1, and instead promotes inflammatory resolution via the
cannabinoid receptors (209). Our results indicating that COX-2 expression is promoted
by the cannabinoid receptors and inhibited by TRPV1 provide further evidence that
COX-2 activity in the endothelium is critical for the effects of NADA on immune
regulation. Importantly, Navarrete et al. also reported that COX-2 protein was
upregulated after a 20 hour NADA treatment in the murine brain endothelial cell line
b.end5 (77). However, this upregulation was found to be independent of both CB4R and
TRPV1 (77). These seemingly contradictory results may provide key insights into NADA
signaling in the endothelium. Conceivably, primary and immortalized endothelial cells,
or endothelial cells derived from different tissues, express unique receptor isoforms that
result in distinct signaling pathways. Alternatively, these cell types could have distinct
levels of other accessory proteins or factors that could differentially sensitize receptors
to NADA. Nevertheless, a deeper understanding of the characteristics of endothelial
cells, as well as the precise downstream signaling mechanism of COX-2 upregulation
by NADA will elucidate the vital functions of the endocannabinoid system in the
endothelium.

In addition to inducing COX-2 expression, we demonstrate that NADA
differentially regulates downstream prostanoid production compared to the

endocannabinoids AEA and 2-AG. In direct contrast to AEA and 2-AG, and consistent
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with its anti-inflammatory functions in the endothelium, NADA reduced the upregulation
of PGEy, PGl,, and TXB, by LPS. PGE: is largely considered to be a pro-inflammatory
prostanoid, as it promotes platelet aggregation, vascular permeability, and vasodilation
(146, 147, 264, 288, 312, 313). TXA, similarly promotes platelet activation and
aggregation, and also induces vasoconstriction (147, 264, 312). PGl; is the putative
natural antagonist of TXA; and is thought to function alongside TXA,; to maintain
homeostatic balance (147, 264, 312, 314). PGI, inhibits platelet aggregation,
angiogenesis, and pro-inflammatory cytokine production, and promotes vasodilation
(147, 264, 312, 314). All three of these prostanoids are upregulated during sepsis,
during which inflammatory pathways are globally activated (315-318). Our observations
that NADA reduces levels of PGE,, PGl;, and TXB, while AEA and 2-AG increase their
levels, further supports the role of NADA-induced COX-2 as a pro-resolving mediator
during endothelial inflammation.

In addition to downregulating these prostanoids, we find that NADA induces
PGD, production both in the absence and presence of LPS. PGD,, which is mostly
produced by mast cells, has been shown to inhibit platelet aggregation, promote
vascular barrier function, and reduce pro-inflammatory cytokine production by
endothelial cells (147, 264, 312, 319-321). While the upregulation of PGD, by NADA is
consistent with previous reports, we were unable to validate these results by mass
spectrometry (77). Instead, we have shown that NADA does not affect PGD,, levels, but
rather induces the production of PGD,-DA, a novel, bioactive prostanoid. PGD2-DA is
able to replicate the effects of NADA on endothelial pro-inflammatory cytokine

production, and inhibition of its generation by R-profen inhibitors prevents the anti-
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inflammatory activity of NADA. This is the first report to our knowledge that suggests
that NADA may be metabolized by COX-2 directly, and that in addition to prostaglandin
glycerol esters and prostamides, there are also prostaglandin dopamine analogs. While
we were unable to determine the precise receptor responsible for PGD,-DA activity, we
found that PGD,-DA does not bind to any known druggable GPCR. Furthermore, PGD,-
DA does not function through the dopamine receptors, D, or Ds. This result indicates
that PGD,-DA activity is not due to its breakdown into PGD, and dopamine, and it is
consistent with our previous findings that dopamine does not possess
immunomodulatory activity in the endothelium (209). It is possible that, similar to
prostamides, the wild-type PGD, receptor may heterodimerize with an alternative splice
variant to generate a PGD»-DA-specific binding site (292-294).

Our results provide critical insight into the ability of the endocannabinoid system
to broadly regulate endothelial and systemic eicosanoid metabolism. While prostanoids
are known to be upregulated during sepsis, the precise functions of endogenous NADA
and PGD,-DA in sepsis and other inflammatory disorders remain unknown. Further
studies will be needed to determine the levels of NADA in different tissues at baseline,
as well as during inflammation, to better understand its endogenous role in regulating
immune responses. Furthermore, it remains unknown if PGD»-DA is produced
endogenously, or if it has the ability to regulate systemic inflammation as well. By
understanding the functions of these anti-inflammatory lipids endogenously and their
precise signaling mechanisms in different cell types, these pathways could be targeted
and manipulated for the treatment of diseases characterized by excessive inflammation

or endothelial dysfunction.
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In conclusion, we have found that NADA regulates eicosanoid metabolism in
primary endothelial cells via CB{R/CB;R and TRPV1 to modulate inflammatory
responses. In addition, NADA induces the generation of the novel prostaglandin analog,
PGD,-DA, which is able to regulate inflammatory cytokine production by endothelial
cells. These results suggest that the endocannabinoid NADA is able to modulate
endothelial inflammatory outcomes by modifying the eicosanoid network. Further
studies will be needed to delineate the mechanism of PGD,-DA production and
signaling, and to determine the effects of NADA'’s lipid regulation on outcomes in sepsis.
Nonetheless, our observations have important implications for acute inflammatory
disorders, and suggest that the NADA signaling pathway may represents an innovative,

therapeutic target for the treatment of inflammatory disorders.
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Figure 4.1
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Figure 4.1. Overview of eicosanoid metabolism.

Arachidonic acid serves as the precursor to eicosanoid biosynthesis. Arachidonic acid
can be converted to endocannabinoids, as well as hydroxyeicosatetraenoic acids
(HETEs; not pictured). Alternatively, arachidonic acid can serve as a substrate for 5-
lipoxygenase (5-LOX, ALOX-5) to generate leukotrienes and lipoxins, or as a substrate
for cyclooxygenase-1 and -2 (COX-1/2) to generate prostanoids. Prostanoids include
prostacyclin (PGly), prostaglandin E; (PGE,), prostaglandin D, (PGD;), and
thromboxane A; (TXA2). PGl and TXA; are rapidly broken down into 6-keto-
prostaglandin F44 (6-keto-PGF+4) and thromboxane B, (TXB;), respectively. Enzymes

are colored red.
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Figure 4.2
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Figure 4.2. NADA induces the upregulation of COX-2, and the immunomodulatory

activity of NADA in endothelial cells is dependent upon COX activity.

(A) NADA, but not the endocannabinoid AEA or 2-AG, upregulates COX-2 expression
after 20 hours. We stimulated lung HMVECs with AEA, 2-AG, NADA, or TNFa for the
indicated amount of time and assessed COX-2 protein levels by immunoblot (arrows

indicate protein band). p-actin served as a loading control (bottom panel).

(B and C) The endothelial anti-inflammatory activity of NADA is dependent upon COX
activity. Lung HMVECs were pretreated for 1 hour with the indicated dose of the COX
inhibitor indomethacin, and then treated with NADA and LPS for an additional 20 hours
while in the continuous presence of the inhibitor (n=4). Levels of IL-8 (B) and IL-6 (C)
were quantified in supernatants. ANOVA: NS, not significant; **, p < 0.01; ***, p < 0.001,

***x p < 0.0001 when comparing samples to LPS only treatment.

148



Figure 4.3
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Figure 4.3. The upregulation of COX-2 by NADA is dependent upon CB{R/CB2R

and TRPV1

(A) Lung HMVECs were treated with CB4R and CB:R inhibitors (CP945598 and
SR144528) or the TRPV1 inhibitor AMG9810 for 1 hour, and then with NADA or TNFa
for 20 hours. COX-2 protein levels were assessed by immunoblot (arrows indicate

protein band), and (3-actin served as a loading control (bottom panel).

(B) WT, Trov1™”, or Cnr2” primary murine endothelial cells were grown to confluency
and treated with ethanol (vehicle), NADA, or TNFa for 4 hours. Cells were then lysed
with Trizol. The mean C; value for GAPDH was used as the reference in calculating the
AC; values for each biological replicate, as described in the materials and methods. 10
ng of cDNA was analyzed for each sample. Relative quantification (RQ) values were
calculated relative to the lowest detectable expressing gene. Data shown represents

relative fold change in comparison to endothelial cells treated with ethanol alone.

(C) WT, Trpv1”, or Cnr2” primary murine endothelial cells were stimulated for 20 hours
with NADA or TNFa. COX-2 protein levels were assessed by immunoblot (arrows

indicate protein band), and B-actin served as a loading control (bottom panel).
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Figure 4.4
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Figure 4.4. NADA inhibits LPS-induced PGIl;, TXA;, and PGE; production, but

induces PGD; in endothelial cells.

Lung HMVECs were treated with NADA for 1 hour, and then incubated with LPS for 20
hours while in the continuous presence of NADA. 6-keto-PGF+4 (A), TXB; (B), and
PGE; (C) levels were quantified in culture supernatants. Cells were lysed in potassium
phosphate buffer, and PGD, ' levels were quantified in cleared cell lysates (D). NS, not
significant; *, p < 0.05; ™, p < 0.01 when comparing samples to vehicle only treatment.
*, p < 0.05; **, p < 0.01 when comparing LPS-treated samples with versus without

NADA.

T PGD, EIA kit has cross-reactivity with PGD,-DA
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Figure 4.5
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Figure 4.5. Endocannabinoids have differential effects on endothelial prostanoid

metabolism.

Lung HMVECs were treated with the indicated endocannabinoid for 1 hour, and then
incubated with LPS for 20 hours while in the continuous presence of the
endocannabinoid. PGF14 (A), TXB, (B), and PGE; (C) levels were quantified in culture
supernatants. Cells were lysed in potassium phosphate buffer and PGD, ' levels were
quantified in cleared cell lysates (D). NS, not significant; *, p < 0.05; # p < 0.01 when
comparing samples to vehicle only treatment. *, p < 0.05; **, p < 0.01 when comparing

LPS-treated samples with versus without the indicated endocannabinoid.

T PGD, EIA kit has cross-reactivity with PGD,-DA
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Figure 4.6
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Figure 4.6. NADA reduces systemic levels of LPS-induced PGl,, but does not

affect TXA,, PGE; or PGD; levels

Mice were injected intravenously (i.v.) with LPS, immediately followed by NADA. Serum
levels of 6-keto-PGF14 (A), TXB2 (B), PGE, (C), and PGD> (D) levels were quantified by
mass spectrometry after 2 hours. NS, not significant; * p < 0.05 when comparing
samples to vehicle only treatment. *, p < 0.05 when comparing LPS-treated samples

with versus without NADA.
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Figure 4.7
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Figure 4.7. R-ibuprofen partially inhibits the effects of NADA on cytokine

secretion and PGD; production.

(A) Schematic of the hypothesized metabolism of NADA into PGD,-dopamine (PGD,-
DA). Normally, arachidonic acid is oxygenated by COX-2 into prostaglandin Hy (PGHy),
which is converted into prostaglandin D, (PGD>) by prostaglandin D, synthase (PGDS)
or hematopoietic prostaglandin D, synthase (HPGDS). We hypothesize that, similar to
other endocannabinoids, NADA itself can be oxygenated by COX-2 into prostaglandin
H,-dopamine (PGH,-dopamine), which is converted by PGDS or HPGDS into PGD»-DA.
The oxygenation step of NADA by COX-2 can be inhibited by R-profens. In contrast, the

oxygenation of both arachidonic acid and NADA by COX-2 is inhibited by S-profens.

(B-D) Lung HMVECs were pretreated for 1 hour with R- or S- ibuprofen, and then
treated with NADA and/or LPS for an additional 20 hours while in the continuous
presence of the inhibitor (n=4). PGD,' levels were quantified in cell lysates (B). Levels
of IL-8 (B) and IL-6 (C) were quantified in supernatants. NS, not significant; *, p < 0.05
when comparing samples to LPS only treatment. *, p < 0.05 when comparing LPS and

NADA-treated samples with versus without inhibitor.

T PGD, EIA kit has cross-reactivity with PGD2-DA
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Figure 4.8
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Figure 4.8. R-flurbiprofen partially inhibits the effects of NADA on cytokine

secretion

Lung HMVECs were pretreated for 1 hour with NADA and/or R-flurbiprofen, and then
treated with LPS for an additional 20 hours while in the continuous presence of NADA
and the inhibitor (n=4). Levels of IL-8 (A) and IL-6 (B) were quantified in supernatants.
NS, not significant; * p < 0.05 when comparing samples to LPS only treatment. *, p <
0.05 when comparing LPS and NADA-treated samples with versus without R-

flurbiprofen.

T PGD, EIA kit has cross-reactivity with PGD2-DA
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Figure 4.9
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Figure 4.9. NADA induces PGD.-DA production, which has anti-inflammatory

activity in endothelial cells.

(A and B) Lung HMVECs were treated with NADA for 1 hour, and then incubated with
LPS for 20 hours while in the continuous presence of NADA. Cells were lysed in
potassium phosphate buffer, and PGD, (A) and PGD2-DA (B) levels were quantified in
cleared cell lysates by LC-MS/MS. *, p < 0.05 when comparing NADA-treated samples

in the presence or absence of LPS or R-ibuprofen.

(C-F) Lung HMVECs were treated with NADA or PGD»-DA for 1 hour, and then
incubated with LPS for 6 hours while in the continuous presence of NADA or PGD,-DA.
IL-8 (C and D) and IL-6 (E and F) levels were quantified in supernatants. NS, not
significant. *, p < 0.05 when comparing LPS-treated samples in the presence or

absence of NADA or PGD,-DA.
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Figure 4.10
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Figure 4.10. The immunomodulatory activity of PGD,-DA in endothelial cells is

independent of dopamine receptors D, and D;

Lung HMVECs were treated with the DRD2 inhibitor L-741,626 (A and B) or the DRD3
inhibitor SB277011A (C and D) at the indicated concentrations for 1 hour, and then
incubated with LPS and PGD,-DA for 20 hours while in the continuous presence of the
inhibitor. IL-6 (A and C) and IL-8 (B and D) levels were quantified in supernatants. NS,
not significant. *, p < 0.05, when comparing LPS-treated samples in the presence or

absence of the indicated inhibitor.
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Table 4.1. The effects of endocannabinoids on arachidonic acid metabolic

enzymes in endothelial cells

- LPS TNF
Enzyme Gene AEA 2AG NADA EtOH AEA 2AG NADA EtOH AEA 2AG NADA
phospholipase A2, group 5 PLA2G5 1.2 1.3 141 1.5 1.1 12 141 1.2 13 11 1.2
prostaglandin G/H synthase 1 PTGS1 -1.8 14 141 -1.0 21 1.7 141 -11 1.7 20 -22
prostaglandin G/H synthase 2 PTGS2 11 12 158 33 20 20 M6 32 40 36 13.1
prostacyclin synthase PTGIS -1.8 1.2 -11 1.0 -21 -15 -1.2 -1.2 20 21 1.2
prostaglandin D synthase PTGDS nd -1.7 -1.1 12 24 -19 -14 -1.3 24 16 -13
gsr?:ﬁ;‘;‘;me“c prostaglandin D pgpg 14 28 13 10 14 A7 12 15 20 -25 3.0
thromboxane A synthase 1 TBXAS1 20 29 11 11 19 -1.8 -1.0 18 20 -1.6 11
prostaglandin E synthase PTGES 11 21 12 16 15 -12 20 23.8 244 425 183
prostaglandin E synthase 2 PTGES2 20 -24 17 -16 -85 -19 -17 -16 -19 -18 -33
prostaglandin E synthase 3 PTGES3 -1.9 -19 1.0 1.0 19 -20 -1.0 20 19 1.7 1.0
prostaglandin F(2-alpha) synthase AKR1C3 14 1.1 141 -1.0 1.8 -14 -20 20 -19 18 -23
:jg;lr%‘:;‘g’g’ngrszﬂag'andi” HPGD 10 nd 42 nd 23 25 nd nd 18 1.9 -1.1
prostaglandin reductase 1 PTGR1 20 -24 20 -11 18 19 -1.0 -1.9 20 19 1.0
prostaglandin reductase 2 PTGR2 14 -1.0 141 10 -13 -18 -1.2 -1.2 19 18 -20
arachidonate 5-lipoxygenase ALOX5 -1.7 -18 -20 -1.3 26 -28 1.2 -1.2 20 16 -1.5
5-lipoxygenase activating protein ~ ALOX5AP 24 21 19 -16 -24 -20 -23 -16 32 -31 -33
arachidonate 15-lipoxygenase ALOX15 nd nd nd nd nd nd nd nd nd nd nd
o sg;:dmate 15-lipoxygenase A ox158 1.9 nd  nd nd 34 nd nd 11 3.0 33 -2.1
leukotriene C4 synthase LTC4S 1.2 1.7 141 -11 24 15 1.2 -12 19 21 -23
leukotriene A4 hydrolase LTA4H -1.6 | -39 1.0 -1.0 20 19 -21 20 19 19 -20
arachidonate 12-lipoxygenase ALOX12 -1.0 -24 14 -12 12 22 11 12 12 15 1.2
epidermis-type lipoxygenase 3 ALOXE3 12 33 16 -11 20 -22 13 -14 -26 -14 16
'rf’;dkr‘(’)t;iﬁg;’f“ omega LTB4H 12 47 11 12 49 21 21 43 12 15 17
cytochrome P450, 2C8 CYP2C8 1.6 1.0 1.6 1.0 1.0 11 1.1 15 11 11 -1.0
cytochrome P450, 2J2 CYP2J2 1.1 1.1 1.6 1.2 11 10 1.2 10 1.1 -11 13
epoxide hydrolase 2, cytoplasmic  EPHX2 1.2 1.0 -1.3 -1.0 10 11 1.2 1111 12 1.2
fatty acid amide hydrolase 1 FAAH 1.2 -16 15 11 14 -13 17 12 13 12 1.2
fatty acid amide hydrolase 2 FAAH2 1.7 26 11 -16 830 -29 -15 -28 38 -32 -17
monoacylglycerol lipase MGLL -1.3 1.7 1.0 -11 24 14 12 19 17 19 -11
alb hydrolase domain-containing sy 18 29 20 11 22 21 -1 -22 -39 -42 -11
protein 4
alb hydrolase domain-containing sy ng A4 A7 10 12 24 19 21 | 87 74 74 -40
protein 6
alb hydrolase domain-containing  Agpp1s 10 4.8 41 42 14 12 44 41 13 13 13
protein 12
catechol-O-methyl transferase COMT -1.9 0 8.0 -11 -11 23 -18 -14 -13 21 19 -14
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HUVECs (multiple donors) were grown to confluency and treated for 1 hour with AEA,
2AG, or NADA [10 uM], and then with LPS [10 ug/mL] or TNF [100 ng/mL] for 3 hours,
in the continuous presence of AEA, 2-AG, or NADA. ECs were then lysed with Trizol.
The mean C; value for HPRT1 was used as the reference in calculating the AC; values
for each biological replicate, as described in the materials and methods. 30 ng of cDNA
was analyzed for each sample. Relative quantification (RQ) values were calculated
relative to the lowest detectable expressing gene. When gene expression was not
detected in more than half of the technical replicates, it was defined as not expressed
(nd, not detectable). Data shown represents relative fold change in comparison to ECs
treated with ethanol (EtOH) alone. Light gray indicates upregulation and dark gray

downregulation of greater than three fold.

166



Table 4.2. Binding affinity of PGD2-DA to GPCRs

Receptor Bilimzli?\g Receptor Biicéli(ri]g Receptor Biicéli(ri]g Receptor Biicéli(ri]g Receptor Biicéliig
DRD2 619 GIPR 14 GRM1 12 CXCR2 12 P2RY1 1.1
DRD3  19.8 GLPIR 14 GABBR1 1.2 MRGPRX3 1.2 GPR83 1.1
DRD4 42 CYSLTR2 14 GPR39 1.2 DRD5 12 HRH1 1.1
DRD4 34 GPR156 1.4 HTR2A 1.2 GPR65 1.2 MC4R 1.1

GPRCSD 3.2 SSTR3 14 MASIL 1.2 GPR12 12 cD97 1.4

ADRAIB 25 CALCRL 14 GPR34 1.2 HineC 12 HCTR2 1.1
GRPR 20 GCGR 14 C5A 12 GPR78 1.1 GPR116 1.1

CXCR7 20 P2RY13 14 CYSLTR1 12 TACR2 1. GPR3 1.1

ADRA2C 1.9 CXCR1 14 PK1 12 OPRM1 1.1 HCA1 1.4

GPR32 19 CCR6 14 GPR153 1.2 GPR21 1.1 GPR84 1.1
PK2 18 GPR119 14 GPR87 1.2 NPS 14 GMR2 1.1
LHCGR 1.8 SSTR2 14 EDNRB 1.2 PTGER3 1.1 HCA2 1.
HTR1A 17 GPR133 14 NTSR1 1.2 P2RY2 1.1 FoRLT 1.1
AGTR1 17 SSTR4 14 CHRM3 1.2 GPR22 1.1 DRD1 1.1
TAARS 17 ADRA2A 14 GPR110 1.2 ADORAT 1.1 GPR171 1.1
GPR142 17 MRGPRX4 1.3 SCTR 12 GAL3 14 CXCR4 1.1
PTGDR 16 BB3 13 MRGPRF 1.2 CCKAR 1.1 TACR1 1.1
ADRA2B 16 NMUR2 13 SIPR1 1.2 LPAR6 1.1 GPR113 1.1
CCRL2 16 HTRIF 1.3 HTR2C 5 MC1R 14 FFA3 1.1
VGV
MRGPRX1 1.6 PTGER2 13 S1PRS 1.2 HTRIE 1.1 P2RY10 1.1

MRGPRG 1.6 CHRM2 13 GPR162 1.2 GHSR 1.1 GPR151 1.0
GPR25 16 HTR6 13 GPRO7 1.2 MTNR1B 1.1 ELTD1 1.0
GPR44 15 P2RY11 13 CHRM1 1.2 GPR144 1.1 MCHR2R 1.0

P2RY12 15 GPR82 13 CXCR6 12 GPR126 1.1 LPA4 1.0
P2RY8 15 P2RY14 13 CXCR2 12 P2RY4 1.1 VIPR1T 1.0

GPR135 15 OXTR 13 MRGPRX3 1.2 LPARS 1.1 MRGPRD 1.0

CRHR1 15 GPRS5 13 DRD5 12 CASR 1. S1PR3 1.0

BDKBR2 15 GAL1 13 GPR65 1.2 PTGFR 1. GRM7 1.0
GPBA 15 GPR183 13 GPR12 1.2 FFA1 14 C3AR1 1.0
GPR52 15 HRH3 13 AIRZC 12 ADORA3 1.1 AVPR2 1.0
RXFP3 15 CCR5 13 S1PRS 1.2 PTHIR 1.1 GNRHR 1.0
SSTR1 15 H\T/E\Z/C 12 GPR162 1.2 S1PR4 1.1 GPR150 1.0
TACR3 14 HRH4 12 GPRO7 1.2 ADRAID 1.1 MLNR 1.0
SSTR5 14 HTR1IB 12 CHRM1 1.2 CRHR2 1.1 BDKBR1 1.0

ADRB1 14 CHRM4 12 CXCR6 12 OPRD1 1.1 GPR158 1.0
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Fold Fold Fold Fold Fold

Receptor Binding Receptor Binding Receptor Binding Receptor Binding Receptor Binding
GPR4 1.0 CCR10 0.9 OXER1 0.9 GPR37 0.8 GPR64 0.7
GPRCSA 1.0 FPR1 0.9 PRRP 0.9 GPR68 0.8 GAL2 0.6
CCR8 1.0 VIPR2 09 CX3CR1 08 LTB4R 0.8 RXFP4 06
AGTR2 1.0 F2RL2 0.9 FPR3 08 QRFP 0.8 EDNRA 06
OPRL1 1.0 CXCR5 0.9 GPR146 0.8 GPR101 0.7 S1PR2 0.6
CXCR3 1.0 MAST 0.9 GPR161 0.8 ADCYAP1R1 0.7 TAAR6 0.6
HTR4 1.0 GPR18 0.9 GPR149 0.8 NPY1R 0.7 GPR62 06
GPR141 1.0 NPBW1 0.9 Buffer 0.8 GPR174 07 GPR63 06
HTR7 1.0 APJ 09 MC2R 0.8 TSHR 0.7 GPR77 06
MCHRIR 1.0 GPRC5B 0.9 HIR2C o8 TAAR2 0.7 GPR45 06
GPRC5C 1.0 SUCNR1 0.9 FFA2 0.8 CCR2 0.7 HCTR1 0.6
OPRK1 1.0 GPR125 0.9 CALCRb 08 MC5R 0.7 CNR1 0.6
GPR123 1.0 LTB4R2B 0.9 GPR157 0.8 GPR152 0.7 GPR20 06
MTNR1A 1.0 AVPRIA 0.9 PTGER4 0.8 PTGER1 07 GPR173 06
CCR4 1.0 GPR85 0.9 NPFF1 0.8 NPY2R 0.7 RXFP1 0.6
ADORA2B 1.0 GPR88 0.9 ADRAIA 0.8 GPR17 0.7 GPRSO 0.6
F2RL3 1.0 LPAR2 0.9 HCA3 08 GPR160 0.7 OXGR1 06
GPR35 1.0 OPN3 09 GRM5 0.8 LPAR1 0.7 RXFP2 06
GPER 1.0 HTRS 0.9 HTRID 0.8 ADRB2 0.7 CMKLR1 06
NMBR 1.0 GPR182 0.9 GPR143 0.8 CCR7 0.7 ADORA2A 05
CCR3 1.0 GLP2R 0.9 TAARS 0.8 GPR31 0.7 GPR1 05
PTAFR 1.0 HTR2B 0.9 GPR15 0.8 GPR61 0.7 GPR114 05
NPYSR 1.0 NPY4R 0.9 GPR111 0.8 TBXA2R 0.7 GPRC6A 05
FPR2 1.0 GPR132 0.9 TA1 0.8 MRGPRX2 0.7 GPR120 05
CHRM5 1.0 CCKBR 0.9 PTH2R 0.8 F2R 0.7 CNR2 05
P2RY6 1.0 GPR26 0.9 GPR37L1 0.8 FSHR 0.7 KISSPEPTIN 0.4
MRGPRE 1.0 GPR27 0.9 Buffer 0.8 GPR6 0.7 NTSR2 04
AVPRIB 1.0 MC3Rb 0.9 UTS2R 0.8 NPBW2 0.7 HRH2 0.3
GPRS6 0.9 GPR19 0.9 GPR148 0.8 GPR124 07
GPR115 0.9 GRM4 09 PTGIR 08 NMUR1 0.7
GPR75 0.9 ADRB3 0.9 NPFF2 0.8 TAAR9 0.7
GRM8 0.9 OPN5 0.9 GRM6 0.8 GHRHR 07

1 uM PGD,-DA was added to cells expressing the listed GPCR for 20 hours. Binding

values are the fold change in binding compared to the fold of the average basal
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response. Samples were run in quadruplicate, with four sample wells and four basal
wells. 100 nM quinpirole was incubated with cells expressing DRD2 on each assay

plate as a control.
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Table 4.3. List of gPCR primers used

Gene

Catalog #

Gene

Catalog #

18S
HPRT
PLA2G5
PTGS1
PTGS2
PTGIS
PTGDS
HPGDS
TBXAS1
PTGES
PTGES2
PTGES3
AKR1C3
HPGD

PTGR1
PTGR2
ALOXS
ALOX5AP
GAPDH

Hs99999901 st
Hs01003267_m1
Hs00173472_m1
Hs00377726_m1
Hs00153133_m1
Hs00919949 m1
Hs00168748_m1
Hs01023933_m1
Hs01022706_m1
Hs01115610_m1
Hs00228159_m1
Hs00832847_gH
Hs00366267_m1
Hs00960586_g1

Hs00400932_m1
Hs01584044_m1
Hs01095330_m1
Hs00233463_m1
Mm99999915_g1*

ALOX15
ALOX158B
LTC4S
LTA4H
ALOX12
ALOXE3
LTB4H
CYP2C8
CYP2J2
EPHX2
FAAH
FAAH?2
MGLL
ABHD4

ABHD6
ABHD12
COMT
mPTGS2

Hs00993765_g1
Hs00153988 m1
Hs00168529_m1
Hs01075871_m1
Hs00167524_m1
Hs00222134_m1
Hs01587865_g1
Hs00426387_m1
Hs00951113_m1
Hs00157403_m1
Hs01038660_m1
Hs00398732_m1
Hs00200752_m1
Hs01040459 _m1

Hs00977889_m1
Hs01018047_m1
Hs00241349_m1
MmO01307329_m1
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Materials and Methods

Cells

Human umbilical vein endothelial cells (HUVECs, passage 2-6, multiple donors)
(Promocell, Heidelberg, Germany) and human lung microvascular endothelial cells (lung
HMVECs, passage 4-9, female and male donors) (Promocell) were incubated at 37°C
under humidified 5% CO,. HUVECs were grown in EGM-2 and lung HMVECs were

grown in microvascular EGM-2 (Lonza, Walkersville, MD).

Preparation of primary murine endothelial cells

Primary lung endothelial cells were prepared from 6-7 day old mouse pups immediately
after decapitation as described (186). The purity of the cell populations was verified by
flow cytometry as described above. WT, Trpv1”, and Cnr2” endothelial cell

preparations were >96% pure.

Endocannabinoid, PGD,-DA, inhibitor, and inflammatory agonist treatments

ECs were grown to confluence before agonist treatment. Unless otherwise noted, in all
experiments cells were pre-incubated with the endocannabinoids or prostaglandin Do-
dopamine (PGD2-DA) at 10 uM for 1 hour prior to and continuously during inflammatory
agonist treatment. For experiments involving an inhibitor, the inhibitor was also added 1
hour prior and continuously during inflammatory agonist treatment. Endocannabinoids
used were 2-AG (Tocris, Ellisville, MO), N-arachidonoylethanolamine (AEA) (Sigma, St.
Louis, MO), and N-arachidonoyl dopamine (NADA) (Cayman Chemical, Ann Arbor, MI).
PGD,-DA was synthesized by Cayman Chemical. Unless specified, endocannabinoids

and PGD»-DA were used at a concentration of 10uM. Unless otherwise noted, inhibitors
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were purchased from Cayman Chemical: TRPV1 antagonist AMG9810 (Tocris; 10 uM),
CB1R antagonist CP945598 (10 uM; Tocris), CB2R inverse agonist SR144528 (10 uM),
indomethacin (0.1-10 uM), R-ibuprofen (2uM), S-ibuprofen (2 uM), and R-flurbiprofen (1
uM). For inflammatory agonist challenge, cells were incubated with 10 ng/mL LPS (List
Laboratories, Los Gatos, CA) or 100 ng/mL recombinant human TNFo (PeproTech,

Inc., Rocky Hill, NJ) for the specified time, unless otherwise indicated.

Immunoblots

Cells were incubated with the specified inhibitor, endocannabinoid, and/or TNFa for the
indicated amount of time. Cells were then lysed with RIPA-Lysis Buffer (4 mM sodium
dihydrogen phosphate, pH 7.0; 6 mM disodium hydrogen phosphate, pH 7.0; 150 mM
sodium chloride; 1% Nonidet P-40; 1% sodium deoxycholate; 0.1% SDS; 2 mM EDTA;
50 mM sodium fluoride; 0.1 mM sodium vanadate) plus protease inhibitor mixture
(Sigma), and protein concentrations of the lysates were estimated using the RCDC
protein assay kit (Bio-Rad). Total proteins were separated by SDS-PAGE (11%) and
then transferred to PVDF membranes (Pall Corp, Ann Arbor, MI). Membranes were
blocked in 3% BSA for 45 minutes at room temperature (RT) and then incubated with
primary antibody solution overnight at 4°C. Membranes were washed and then
incubated with goat anti-rabbit (111-035-045; Jackson ImmunoResearch, West Grove,
PA) or rabbit anti-goat (31403; ThermoFisher Scientific, Waltham, MA) peroxidase-
conjugated secondary antibodies. Immunoblots were developed using Super-Signal
West Dura Extended Duration Substrate (34076; Thermo Scientific), and the signal was
detected using a Gel Logic 2200 Imaging System (Eastman Kodak, Rochester, NY) run

on Carestream imaging software (Carestream Health, Rochester, NY). The antibodies
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used were as follows: COX-2 (0.1 ug/mL, 100034, Cayman Chemical) and g-actin (0.1

ug/mL, A2066, Sigma).

ELISAs and ElAs

IL-6, (R&D Systems, Minneapolis, MN), IL-8 (BD Biosciences), 6-keto-PGF 1, (Cayman
Chemical), TXB; (Cayman Chemical), and PGE; (R&D Systems) levels were quantified
in culture supernatants by ELISA (cytokines) or EIA (prostanoids) according to the
manufacturer’s instructions. For quantification of PGD,, cells were lysed in 0.1M
potassium phosphate buffer, pH 7.4 and sonicated. Cleared cell lysates were used in

the PGD; EIA (Cayman Chemical), following the manufacturer’s instructions.

MTT assay, and crystal violet assay

For MTT and crystal violet (CV) assays, NADA or PGD,-DA (0.1-20uM) was
added for 7 hours in the absence of inflammatory agonists. MTT Assays (Biotium,
Hayward, CA) were performed in 96-well plates according to the manufacturer's
instructions. For CV assays, after the indicated treatments, the cells in 48-well plates
were washed twice with PBS and then stained with 0.5% CV in methanol for 10 minutes
(100 wl). The plates were then immersed several times in tap water to remove the
excess CV solution, after which time the plates were gently tapped upside down on a
paper towel to remove all traces of liquid. 1% SDS in water (300 ul) was then added to
each well, and the remaining stained cells were allowed to solubilize for several hours.
One well in the plate was left without cells to control for background staining.
Absorbance was read at 570nm in a FLUOstar OPTIMA fluorescent plate reader (BMG

Labtech, Cary, NC); the background staining was subsequently subtracted, and the
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percent adherence relative to the control was calculated.

Flow cytometry

Primary murine endothelial cells were detached using Accutase Cell Detachment
Solution (Innovative Cell Technologies, San Diego). Cells were passed through a 70-um
filter, counted, and aliquoted at 5x10° cells per sample. The cells were then washed
using Flow Cytometry Staining Buffer (FCSB) (R&D Systems) and incubated with 10
ug/mL mouse 1gG (R&D Systems) in FCSB for 15 minutes at 4°C. Next, the cells were
incubated for 30 minutes at 4°C with either 0.25 ug/sample of FITC-rat anti-mouse
CD102, PE-rat anti-mouse CD31, FITC-rat anti-mouse IgG2a k, and PE-rat anti-mouse
lgG2a « (BD Biosciences). The samples were washed once more with FCSB and then
analyzed by flow cytometry (LSRII Flow Cytometer, BD Biosciences). A far-red

fluorescent dye (L10119; Invitrogen) was used to assess cell viability.

Quantitative real time PCR (qPCR)

Specific gene expression assays were ordered from Applied Biosystems (Foster City,
CA). See Table 4.3 for a list of assay numbers. The manufacturer’'s suggested assay
reagents were purchased from Applied Biosystems. HUVECs or primary murine
endothelial cells were stimulated for 1 hour with the endocannabinoid, then 3 hours with
LPS or TNFa. Cells were then lysed, and mRNA was isolated using TRIzol according to
the manufacturer's supplied protocol (Invitrogen). mRNA concentrations were
determined with an ND-1000 (NanoDrop/Thermo Fisher Scientific), and mRNA was
reverse-transcribed to cDNA using the High Capacity RNA-to-cDNA kit using 2 ug of

MRNA per reaction (Invitrogen). An input of either 5, 10, or 30 ng of cDNA in 10 ul of
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total reaction volume per well containing TagMan Fast Advanced Master Mix (Applied
Biosystems) was used in all gPCR experiments, and qPCR was performed using the
StepOnePlus System (Applied Biosystems). For the run method, PCR activation at
95°C for 20s was followed by 40 cycles of 1s at 95°C and 20s at 60°C. The average C;
value of two technical replicates was used in all calculations. The average C; value of
the internal control HPRT1 (human) or GAPDH (mouse) was used to calculate AC;
values. Initial data analysis was performed using the 2" method, and the data were
corrected using log transformation, mean centering, and auto scaling to ensure
appropriate scaling between biological replicates (161). The methods of calculation

utilized assume an amplification efficiency of 100% between successive cycles.

LC-MS/MS

Confluent monolayers of lung HMVECs were grown in 6-well tissue culture plates. Cells
were incubated with ethanol (control) or NADA (10 uM) for 1 hour, then treated with LPS
(10 ug/mL) for 20 hours. Cells were lysed with 1 mL of potassium phosphate buffer, pH
7.4 per well. For each sample, the lysate from 3 tissue culture wells were combined.
Samples were analyzed by LC-MS/MS. NADA, PGD,, and PGD,-DA standards were
prepared at Cayman Chemical. For in vivo prostanoid analysis, 8-week-old C57BL/6J
WT mice were injected with 10 mg/kg NADA i.v., followed immediately by 5 mg/kg LPS
i.v. Plasma was collected 2 hours after challenge and submitted to the University of

California San Diego Lipidomics Core for analysis.

Statistics

Mann-Whitney tests were used to compare 2 groups; Kruskal-Wallis tests were used for
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multiple comparisons under a single, defined variable. p < 0.05 was considered to be
statistically significant for all data. The data in graphs are presented as means + SD.

Experiments were repeated at least twice.
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Conclusions
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Conclusions

We have shown that the endocannabinoid/endovanilloid NADA has
immunomodulatory activity in the endothelium, as well as systemically. NADA
modulates endothelial inflammation via the cannabinoid receptors CB1R/CB2R and the
cation channel TRPV1. Through these receptors, NADA reduces pro-inflammatory
cytokine expression and leukocyte adhesion. NADA also regulates the expression of
COX-2 and thus differentially affects the expression of downstream prostanoids. We
provide the first evidence of the existence of a bioactive prostaglandin analog PGD2-DA,
and demonstrate the immunomodulatory functions of this prostanoid in the endothelium.
In addition to its effects in vitro, NADA reduces systemic inflammation in murine models
of endotoxemia via non-hematopoietic TRPV1. We believe the systemic
immunomodulatory effects of NADA via TRPV1 are due to the contributions of neuronal
TRPV1, supporting an essential role of a neuroinflammatory arc in endocannabinoid
signaling. Furthermore, we show that NADA also regulates systemic inflammation via
hematopoietic and endothelial CB2R, indicating that NADA functions distinctly through
multiple receptors in different tissues to carefully control inflammatory outcomes. A
working model based on our observations with NADA is presented in Figure 5.1, and a
summation can be found in the figure legend.

These results illustrate the complexity of the endocannabinoid system. However,
the ability of NADA to signal through a variety of mechanisms and tissues makes it a
strong, reasonable target for therapeutic interventions. NADA signaling could be
replicated with receptor agonists or antagonists specifically in the nervous system,

endothelium, or hematopoietic cells. Furthermore, sepsis involves the multifaceted
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activation of numerous inflammatory cascades, and thus, more effective therapies may
be distal and regulate a variety of general outputs, including coagulation, permeability,
and inflammation (16). Our results support the growing body of research that illustrates
the essential importance of lipid signaling in inflammation and immune regulation, and
specifically showcase the immunomodulatory activity of lipids in endothelial cells. The
elucidation of the precise signaling mechanisms of the endocannabinoid system basally
and during inflammation may finally lead to effective therapies for the treatment of

sepsis and other acute inflammatory disorders may finally be generated.
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Figure 5.1. Proposed model.

NADA activates CB2R expressed on endothelial cells and hematopoietic cells, and
future experiments will determine if NADA also activates CB2R on non-hematopoietic
cell types, including neurons. CB2R activation results in the upregulation of COX-2
protein. COX-2 helps catalyze NADA into the novel prostaglandin analog, prostaglandin
D,-dopamine (PGD,-DA), which in turn decreases pro-inflammatory outputs. In addition,
NADA activates TRPV1 expressed on non-hematopoietic cells, which likely includes
neurons. These neurons may be peripheral or central, and may be localized in areas
such as the dorsal root ganglion (DRG), which has high expression of TRPV1.
Preliminary results suggest that NADA-induced stimulation of the efferent vagus nerve
activates the cholinergic anti-inflammatory pathway, resulting in the release of
norepinephrine (NE) from sympathetic postganglionic nerve fibers. NE activates the {3
adrenergic receptor (f2AR) on lymphocytes and macrophages, inducing the release of
acetylcholine. Acetylcholine binds to the a7 nicotinic acetylcholine receptor (a7nAchR),

which inhibits pro-inflammatory cascades.
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