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Abstract

HIV infection affects an estimated 38 million people. Approximately 50% of HIV patients exhibit
neurocognitive dysfunction termed HIV-Associated Neurocognitive Disorder (HAND). HAND is a
consequence of chronic low-level neuroinflammation due to HIV entry into the brain. Initially,
monocytes become activated in circulation and traffic to the brain. Monocytes, when activated,
become susceptible to infection by HIV and can then carry the virus across the blood brain barrier.
Once in the brain, activated monocytes secrete chemokines, which recruit virus-specific CD8* T
cells into the brain to further promote neuroinflammation. HAND is closely linked to systemic
inflammation driven, in part, by HIV but is also due to persistent translocation of microorganisms
across the Gl tract. Persistent anti-viral responses in the GI tract compromise microbial barrier
integrity. Indeed, HIV patients can exhibit remarkably high levels of activated (CD16*) monocytes
in circulation. Recent studies, including our own, show that HIV patients using medical marijuana
exhibit lower levels of circulating CD16™ monocytes than non-cannabis using HIV patients.
Cannabis is a known immune modulator, including anti-inflammatory properties, mediated, in
part, by A%-tetrahydrocannabinol (THC), as well as less characterized minor cannabinoids, such as
cannabidiol (CBD), terpenes and presumably other cannabis constituents. The immune modulating
activity of THC is largely mediated through cannabinoid receptors (CB) 1 and 2, with CB1 also
responsible for the psychotropic properties of cannabis. Here we discuss the anti-inflammatory
properties of cannabinoids in the context of HIV and propose CB2 as a putative therapeutic target
for the treatment of neuroinflammation.
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Graphical abstract description

HIV-associated neurocognitive disorder is a systemic inflammatory disease leading to activation of
plasmacytoid dendritic cells, monocytes and T cells. Monocyte and CD8 T cell migration across
the BBB and interaction with astrocytes promotes neurotoxic inflammatory mediators release.
CB2 ligands are proposed as therapeutics capable of suppressing systemic and localized
inflammation.

Graphical Abstract

Introduction

HIV infection affects an estimated 38 million people worldwide according to the World
Health Organization. With antiretroviral therapy (ART), a major research priority is to
understand the health complications that arise in patients on ART. ART is successful in
suppressing viral replication and restoring CD4* T cell levels, turning infection by HIV into
a manageable condition and increasing life expectancy. Consequently, serious health
complications remain in ART-treated patients, which include HIV-associated neurocognitive
disorders (HAND) and cardiovascular diseases (Cardoso et al., 2013).

Approximately 50% of HIV patients exhibit neurocognitive dysfunction, from mild to severe
forms (Heaton et al., 2011; Rumbaugh and Tyor, 2015; Saylor et al., 2016). HAND is due to
HIV entry into the central nervous system (CNS) and the chronic low-level
neuroinflammation that ensues (Kaul et al., 2001; Valcour et al., 2012; Hong and Banks,
2015). A major contributing mechanism to HAND is chronic, systemic peripheral
inflammation in which leukocytes are activated and infected by HIV in the periphery prior to
migrate across the blood-brain barrier (BBB) (Clay et al., 2007; Ellery et al., 2007;
Campbell et al., 2014b). Peripheral chronic immune activation during HIV infection occurs
through several mechanisms including gut microbial translocation and residual HIV
(Anzinger et al., 2014). Importantly, pathogen associated products (e.g., LPS and HIV
associated proteins) released into circulation lead to activation of circulating leukocytes via
interaction with pattern-recognition receptors (e.g. TLRs) (Kawai and Akira, 2006; Jiang et
al., 2009; Vassallo et al., 2012; Anzinger et al., 2014; Cha et al., 2014; Donninelli et al.,
2016). HIV entry into the CNS raises serious problems for ART-treated patients as many
antiretroviral drugs have poor penetrance through the BBB, creating a privileged site for
HIV replication and survival (Letendre et al., 2008).

There is a growing body of evidence that monocytes and CD8" T cells are key contributors
to neuroinflammation due to their transport of HIV into the CNS and secretion of
inflammatory factors (Clay et al., 2007; Anzinger et al., 2014; Campbell et al., 2014a;
Campbell et al., 2014b; Williams et al., 2014a). Consequently, the leukocyte-derived
inflammatory factors can directly promote neuronal injury (e.g., IFN-y-inducible protein 10
(IP-10)) and indirectly through causing astrocyte dysfunction (e.g., IL-1p), including
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impaired glutamate uptake and dysregulated secretion of inflammatory proteins
(Andjelkovic et al., 2000; Kaul et al., 2001; Gonzalez-Scarano and Martin-Garcia, 2005;
Brabers and Nottet, 2006; Sui et al., 2006; Rizzo et al., 2019).

The anti-viral cytokine, interferon-a (IFNa), is chronically produced in response to
microbial translocation and residual HIV, and has been identified to have an important role
in chronic immune activation (Cha et al., 2014). Specifically, chronic IFNa production in
HIV patients has been linked to neurocognitive impairment and disease progression (Rho,
1995; Sas et al., 2009; Anderson et al., 2017). Recent studies have demonstrated a type |
IFN gene signature in leukocytes (e.g., monocytes) of HIV patients suggesting exposure to
IFNa /n vivo (Rempel et al., 2010; Pulliam et al., 2011; Cha et al., 2014). Recently, we have
shown that IFNa directly induces monocyte expression of the proinflammatory/activation
markers, CD16 and CD163, from HIV- and HIV+ individuals (Rizzo et al., 2018), which is
important as the expression of these markers are elevated on monocytes in post-mortem
brain tissue of HIV patients with HAND (Fischer-Smith et al., 2001; Fischer-Smith et al.,
2008h; Tavazzi et al., 2014). Furthermore, IFNa is a potent signal for promoting IFNy
secretion by CD8* T cells, a process implicated in HAND (Schrier et al., 2015).

Cannabis use is common amongst HIV-infected individuals in the United States, with an
estimated prevalence of 23-56% (Ware et al., 2003; Okafor et al., 2017; Pacek et al., 2018).
Constituents of cannabis (e.g., A%-tetrahydrocannabinol (THC)) have been shown to exhibit
immune suppressive and anti-inflammatory activity (Croxford and Yamamura, 2005;
Turcotte et al., 2015). Recent evidence has emerged that HIV+ marijuana-users (MJ+) have
fewer circulating CD16* monocytes and activated CD8* T cells compared to HIV+MJ-
(Manuzak et al., 2018; Rizzo et al., 2018). As cannabinoid receptor (CB1/CB2) activation
has been identified to promote anti-inflammatory effects, there has been increased interest in
CBRs as therapeutic targets for treatment of inflammation (Cabral and Griffin-Thomas,
2009; Dhopeshwarkar and Mackie, 2014). Specifically, CB2 has garnered attention over
CB1, as it does not induce psychotropic effects (Dhopeshwarkar and Mackie, 2014). The
canonical ligand for cannabinoid receptors (CB), THC, does not discriminate between the
psychotropic-mediating CB1 and non-psychotropic, CB2 (Pertwee, 2005; McPartland et al.,
2007), which has limited the utility of THC as an anti-inflammatory. Therefore, CB2
selective agonists present a novel strategy for the treatment of HIVV-associated
neuroinflammation. The objective of this article is to propose cannabinoid receptor 2 as a
therapeutic target for attenuating detrimental leukocyte inflammatory functions that
contribute to HIV-associated neuroinflammation.

General Background:

HIV-associated neurocognitive disorder (HAND)

Since HIV patients are living longer, how patients progress from mild to more severe forms
of HAND as they age has become an important question. A 5-year follow-up study
demonstrated that 63% of patients had persistent neurocognitive impairment (Tozzi et al.,
2007) and another revealed that patients already diagnosed with a minor form of HAND had
a 2-fold to 6-fold higher risk of developing a more severe form compared to patients with
normal cognition (Grant et al., 2014). Older HIV-infected patients have a higher risk of
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memory deficits compared to younger individuals (Tan et al., 2013). These studies suggest
that patients with milder forms of HAND are increasingly likely to experience worsening
impairment as they age, which may be governed by the severity of central and peripheral
inflammation.

The role of peripheral leukocyte-mediated neuroinflammation in HAND

HAND is due to accumulating damage to neurons; however, HIV does not infect neurons
(Wiley et al., 1986). Strong evidence supports low-level chronic neuroinflammation is a key
event in HAND development. HIV-induced neuroinflammation is characterized by BBB
dysregulation, persistent HIV entry, leukocyte infiltration into the CNS, and activation/HIV-
infection of CNS-resident astrocytes, microglia and macrophages (Gonzalez-Scarano and
Martin-Garcia, 2005; Strazza et al., 2011; Hong and Banks, 2015).

Entry of activated immune cells into the CNS is suggested to be a major contributor to HIV-
associated neuroinflammation (Williams et al., 2014a; Hong and Banks, 2015). Once in the
brain, activated immune cells release a host of inflammatory factors including HIV viral
proteins, reactive species and cytokines (TNFa, IL-1p and IL-6), which activate brain-
resident cells including microglia and astrocytes (Gonzalez-Scarano and Martin-Garcia,
2005; Ton and Xiong, 2013; Campbell et al., 2014a; Williams et al., 2014a; Hong and
Banks, 2015; Scutari et al., 2017). The milieu of host and viral factors can directly promote
neuronal injury or indirectly through the dysregulation of adjacent cells including astrocytes
(Kaul et al., 2001; Gonzalez-Scarano and Martin-Garcia, 2005; Ton and Xiong, 2013; Rizzo
etal., 2019). HIV viral proteins, gp120 and transactivator of transcription (Tat), have been
shown to promote cell death of primary human neurons i7 vitro (Jana and Pahan, 2004).
Furthermore, elevated IP-10 levels, in vitro, directly promotes neuronal apoptosis (Sui et al.,
2006). By contrast, TNFa and IL-1f suppress glutamate uptake by astrocytes, which leads
to increased extracellular glutamate and neuronal excitotoxicity (Brabers and Nottet, 2006).
IL-1B and TNFa also promote astrocyte secretion of a battery of cytokines and chemokines
including IL-6, MCP-1 and IP-10 (Aloisi et al., 1992; Choi et al., 2014). The chronic release
of these factors promotes a positive feedback of inflammation via the recruitment of
additional activated/infected immune cells from circulation (Ramesh et al., 2013). Overall,
prolonged production of neuroinflammatory factors, leukocyte recruitment and impaired
glutamate control are major mechanisms involved in driving neuronal dysfunction and
HAND (Kaul et al., 2001; Gonzalez-Scarano and Martin-Garcia, 2005; Ton and Xiong,
2013; Hong and Banks, 2015).

The role of monocytes in HIV-associated neuroinflammation

Monocytes, especially those expressing CD16, are thought to contribute to HIV-associated
neuroinflammation (Campbell et al., 2014a; Williams et al., 2014a; Hong and Banks, 2015).
Specifically, increased levels of activated CD16* monocytes in circulation have been
observed in patients with chronic HIV infection and HIV-associated dementia (Thieblemont
et al., 1995; Pulliam et al., 1997; Han et al., 2009). Circulating CD16* monocytes are highly
susceptible to HIV infection when compared to CD16™ monocytes, which seems in part, due
to elevated expression of the HIV co-receptor, CCR5 (Ellery et al., 2007; Hijdra et al.,
2013). Furthermore, the CD16" subset has been shown to be the primary monocyte
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population to harbor HIV in vivo despite patients receiving ART (Ellery et al., 2007).
Studies involving animal models and post-mortem HAND patients have identified an
increased level of CD16* monocytes in the CNS, which may be due to surface expression of
CCR2 (Fischer-Smith et al., 2001; Neuenburg et al., 2005; Clay et al., 2007; Fischer-Smith
et al., 2008b; Williams et al., 2013; Tavazzi et al., 2014; Williams et al., 2014b). Specifically,
the CCR2 expression level on CD16* monocytes has been shown to correlate with HAND
(Williams et al., 2014b) and be an important contributor to HIV-infected CD16™ monocytes
crossing an /n vitro BBB (Williams et al., 2013). Moreover, CCL2, the ligand for CCR2, is
elevated in the plasma and CSF of HIV patients and correlates with neuronal injury and
cognitive impairment (Eugenin et al., 2006; Kamat et al., 2012a; Williams et al., 2013;
Anderson et al., 2015; Yuan et al., 2015).

CD16™ monocytes are thought to be a major transport mechanism for HIV into the brain
(Gras and Kaul, 2010; Williams et al., 2014a) as these cells have been fluorescently tracked
from the blood to the brain in a simian immunodeficiency virus (SIV) model, which was
paralleled with HIV entry into the brain (Clay et al., 2007). In addition, CD16* monocytes
detected in post-mortem human brain stain positive for HIV viral proteins and were
associated with higher CSF viral loads (Fischer-Smith et al., 2001; Neuenburg et al., 2005).
Furthermore, blocking leukocyte trafficking into tissues with an anti-a4 antibody in a SIV
model resulted in a decline in virally infected monocytes in the brain and was paralleled
with less neuronal injury compared to untreated control animals (Campbell et al., 2014b).

Once in the CNS, monocytes differentiate into long-lived macrophages and serve as a viral
reservoir (Fischer-Smith et al., 2001; Williams et al., 2001; Ancuta et al., 2006; Campbell et
al., 2014a). Monocyte-derived macrophages release inflammatory factors leading to
activation and HIV-infection of microglia, astrocytes and macrophages (Gonzalez-Scarano
and Martin-Garcia, 2005; Williams et al., 2014a; Scutari et al., 2017). As noted in the
previous section, the inflammatory factors can directly promote neuronal injury. In addition,
monocyte-derived factors (e.g. IL-1p) in the brain may also have indirect effects on neuronal
functions through promoting astrocyte activation and dysfunction (Gonzalez-Scarano and
Martin-Garcia, 2005; Williams et al., 2014a; Scutari et al., 2017).

In addition to CD16, another surface protein expressed by monocytes is CD163 and may be
an important marker on CNS-bound CD16* monocytes during HIV infection (Kristiansen et
al., 2001; Kim et al., 2006). CD163 is a scavenging receptor for hemoglobin-haptoglobin
complexes that is almost exclusively expressed on monocyte/macrophages (Pulford et al.,
1992; Kristiansen et al., 2001). In addition, CD163 has been shown to have an important role
for monocyte adherence to endothelial cells while also serving as an immune receptor to
detect bacteria (Wenzel et al., 1996; Fabriek et al., 2009). Co-expression of CD16 and
CD163 on monocytes has been observed in post-mortem brain tissue of HIV+ individuals
with cognitive impairment (Fischer-Smith et al., 2008b; Tavazzi et al., 2014).
CD167CD163* monocytes are also elevated in circulation of HIV+ individuals with
detectable viral loads (Fischer-Smith et al., 2008a), suggesting that CD163 is expressed on
CD16™ monocytes before entry into the brain. Other surface markers that may be indicative
of monocyte trafficking into the CNS and/or neurocognitive impairment include CCR2 and
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the cell adhesion molecules, junctional adhesion molecule-A (JAM-A) and activated
leukocyte cell adhesion molecule (ALCAM) (Williams et al., 2013; Williams et al., 2014b).

Although outside the scope of this review, it is important to emphasize that microglia also
play a critical role in promoting neuroinflammation. Indeed, there are many similarities in
the repertoire of pro-inflammatory mediators between monocyte/macrophage and microglia,
such as IL-1p and IL-6 release (Reviewed in (Saijo and Glass, 2011)). These cells can also
be identified by the expression of CD16 and CD163 (David and Kroner, 2011). These
similarities are owed to the shared common myeloid lineage between microglia and
monocytes/macrophages. Further, these cells can initiate as well as exacerbate
neuroinflammation in response to various insults such as pathogen associated molecular
patterns (PAMPs) and neuronal injury (Saijo and Glass, 2011). Similar to activated
monocytes that migrate into the brain, microglia also have the potential to traffic to various
regions of the brain in response to inflammation and injury (Faden et al., 2016). However,
unlike activated monocytes in the brain, microglia have the potential to exert both
inflammatory as well as anti-inflammatory/regenerative properties depending on their
environment (Bessis et al., 2007; David and Kroner, 2011). In summary, it is well
established that cells of the myeloid lineage play a critical role in regulating
neuroinflammation and represent a potential therapeutic target.

The role of CD8* T cells in HIV-induced neuroinflammation and HAND development

CD8™ T cells account for a large portion of the adaptive immune response to HIV infection
(Benito et al., 2004; Walker and McMichael, 2012), can cross the BBB (Young et al., 2011;
Smolders et al., 2013) and are detectable in the CSF and CNS of HIV patients (Miller et al.,
2004; Vendrely et al., 2005). Following activation, HIV-specific CD8* T cells traffic to sites
of viral replication along increasing gradients of viral antigen (von Geldern et al., 2007) and
chemokines (Shacklett et al., 2004). Upon antigen reencounter, virus-specific CD8* T cells
exert multiple effector functions to limit viral spread by killing infected cells (Doherty et al.,
1997; Topham et al., 1997). Effector functions are classified as cytotoxic or cytokine-
mediated (IL-2, IFN+y, and TNFa) (Doherty et al., 1997; Topham et al., 1997). CD8* T cell
cytotoxic effector function is primarily mediated by directed release of cytolytic granules
onto target cells (Doherty et al., 1997; Topham et al., 1997). These granules contain
membrane-permeating perforin and proteolytic granzymes facilitating the death of virally
infected cells (Doherty et al., 1997; Topham et al., 1997). Cytolytic function by CD8* T
cells is considered protective, as the control of viral spread in ART individuals reduces
systemic inflammation (Giorgi et al., 1993; Giorgi et al., 1999). In contrast to CD8* T cell
cytolytic function, the production of effector cytokines has been associated with
inflammatory diseases of the CNS, including multiple sclerosis (Giunti et al., 2003). Of the
cytokines produced by CD8* effectors, IFNy is critically involved in inflammatory disease
progression (Giunti et al., 2003; Mehla et al., 2012). CD8* T cell effector function is
determined by the immune environment. Considering the three signal hypothesis for T cell
activation (Curtsinger and Mescher, 2010), IFNa is a potent signal three cytokine
(Curtsinger and Mescher, 2010; Hervas-Stubbs et al., 2010; Manion et al., 2012; Tough,
2012). IFNa promotes cellular proliferation (Manion et al., 2012) and enhances
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development of polyfunctional CD8* T cell, through the acquisition of effector cytokine
secretion (Curtsinger and Mescher, 2010; Hervas-Stubbs et al., 2010; Tough, 2012).

IFNy promotes neuroinflammation and cell damage in the CNS

IFNy is critical for the control of intracellular pathogens and is primarily produced by T
cells (Doherty et al., 1997; Topham et al., 1997). However, there is evidence that IFN-y is not
correlative with HIV infection control (Zajac et al., 1998; Boasso et al., 2009; Hersperger et
al., 2010; Makedonas and Betts, 2011). Despite this, IFN<y is implicated in CNS
inflammation and pathogenesis (Giunti et al., 2003). IFNy is detectable in the CSF and CNS
of HAND patients (Giunti et al., 2003; Mehla et al., 2012). The role of IFN-y has been
relatively understudied in the context of HAND due to the fact that astrocytes and other
immune cells in the brain do not produce IFNvy except under certain ischemic conditions
(Lau and Yu, 2001). However, a strong correlation was found between the number of IFNy™*
CD8* T cells in the CSF and cognitive decline in HIV patients (Schrier et al., 2015). IFNy
potentiates the neurotoxic effects of HIV and inflammation through direct and indirect
mechanisms. For example, mixed brain cell cultures infected with HIV showed minimal
cytopathic effects (Mehla et al., 2012) yet cell death increased with exogenous IFNy (Mehla
et al., 2012). The explanation for decreased cell viability is the ability of IFN-y to drive IP-10
production by astrocytes, which can trigger neuronal death (Mehla et al., 2012). Enhanced
IP-10 production by astrocytes enhances CNS infiltration by monocytes and CD8" T cells to
enhance inflammation (Shacklett et al., 2004; Mehla et al., 2012). In addition, astrocytes are
refractory to HIV infection and viral replication (Carroll-Anzinger and Al-Harthi, 2006);
however, IFNvy inhibits the beta catenin pathway causing astrocyte susceptibility to HIV
infection and release of neurotoxic HIV proteins (Carroll-Anzinger and Al-Harthi, 2006; Li
etal., 2011).

The role of interferon alpha on monocyte activation in circulation and the brain

IFNa is a potent cytokine produced during viral infection and when secreted, protects the
host by inducing anti-viral defense mechanisms in neighboring cells (Ivashkiv and Donlin,
2014). IFNa secretion by pDC can be promoted by HIV itself and through microbial
products derived from the compromised intestinal barrier (Cha et al., 2014). IFNa is a
central component of the acute immune response against HIV infection, but sustained levels
during chronic stages of infection contributes to immune activation and dysfunction (Cha et
al., 2014). Specifically, interferon-stimulated genes (ISGs) have been shown to be
upregulated in several different immune populations during chronic HIV infection including
T cells, dendritic cells and monocytes (Cha et al., 2014). Furthermore, IFNa can be elevated
in the cerebrospinal fluid (CSF) of HIV patients and is thought to be an important
contributor to HAND as it correlates with neuronal damage and neurocognitive impairment
(Rho, 1995; Perrella et al., 2001; Fritz-French and Tyor, 2012; Anderson et al., 2017).
Studies using mouse models of HIV encephalitis treated with IFNa neutralizing antibodies
have found a significant role of IFNa on neuronal damage and cognitive decline (Sas et al.,
2009; Kessing and Tyor, 2015; Koneru et al., 2018).

CD16~ monocytes transition into the CD16" phenotype in circulation and this process is of
interest due to the pathogenic nature of the CD16™ monocyte subset during HIV infection
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(Ziegler-Heitbrock, 2007; Williams et al., 2014a). However, the specific mechanism(s) of
enhanced CD16~ monocyte transition to CD16" during HIV infection remains unclear.
Previous reports have identified a type | interferon gene signature in monocytes isolated
from HIV-infected individuals, suggesting exposure to IFNa /in vivo (Rempel et al., 2010;
Pulliam et al., 2011). Additionally, the use of IFNa as a vaccine adjuvant in humans
increased the percentage of CD16* monocytes (Arico et al., 2011). Collectively, the body of
literature suggests a key role for IFNa on monocyte activation in the periphery, including
increasing the frequency of CD16* monocytes, and brain during HIV infection.

The role of plasmacytoid dendritic cells in chronic immune activation and HAND

As previously discussed, HIV-infected individuals display elevated levels of circulating
IFNa, which is linked to immune cell activation. One of the major sources of IFNa are
plasmacytoid dendritic cells (pDC), which produce 1000 times more IFNa than any other
immune cell type. pDC represent between 0.2-0.5% of the circulating peripheral blood
mononuclear cells yet play a central role in initiating host immune responses against a wide
variety of pathogens. In the context of chronic immune activation and HAND, pDC through
expression of a range of TLRs, recognize HIV directly as well as commensally-derived
microbial products due to a comprised intestinal barrier (i.e., leaky gut). Upon TLR
activation, pDC produce inflammatory cytokines that activate other immune cells to initiate
specific immune responses. During chronic HIV infection, prolonged secretion of IFNa by
pDC has been implicated as a key event driving chronic inflammation, which contributes to
etiology of HAND. Specifically, pDC have been shown to localize to the gut during SIV
infection where they are believed to produce large amounts of IFNa as well as other
cytokines (e.g., TNFa) in response to HIV and microbiota-derived products. In addition,
pDC may play a role in facilitating HIV infection of gut resident T cells and likely play a
key role in the activation of monocytes and T cells. In fact, an augmented IFNa response by
pDC has been correlated with the development of HIV-associated neurocognitive decline.

Chronic monocyte and CD8" T cell activation in HIV patients

The immune environment present during chronic HIV infection is characterized by
increased systemic inflammation and immune cell activation (Jiang et al., 2009; Younas et
al., 2016). Specifically, monocyte activation in circulation is readily identifiable in HIV
patients and correlates with disease progression and neurocognitive impairment (Fischer-
Smith et al., 2008a; Pulliam et al., 2011; Sandler et al., 2011; Kamat et al., 2012b; Burdo et
al., 2013; Williams et al., 2014b). Chronic monocyte activation during HIV infection is
multi-faceted including; (a) gut microbial translocation (leaky gut syndrome); (b) residual
HIV viremia; and (c) co-infection with opportunistic pathogens (Anzinger et al., 2014), all
of which can signal through the family of toll-like receptors (TLRs). IFNa is a major
contributor to monocyte activation during HIV infection (Pulliam et al., 2011; Cha et al.,
2014). For example, chronic IFNa production in HIV patients has been linked to
neurocognitive impairment and disease progression (Rho, 1995; Sas et al., 2009). Further,
elevated IFNa in the CSF correlated with neuronal injury and cognitive decline in HIV
patients (Anderson et al., 2017). Moreover, an enrichment of activated (CD16%) monocytes
was observed in the CSF of ART-treated patients (Neuenburg et al., 2005). Recently, we
have shown that IFNa treatment of human primary monocytes induces expression of the
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proinflammatory marker, CD16 (Rizzo et al., 2018), an observation consistent with the
IFNa gene signature in monocytes from HIV patients (Rempel et al., 2010; Pulliam et al.,
2011; Swiecki and Colonna, 2015; Rizzo et al., 2018). In parallel, IFNa also activates CD8*
T cells, which are recruited from systemic circulation to cross the BBB (Young et al., 2011,
Smolders et al., 2013). Furthermore, chronic IFNa production in HIV patients has been
linked to neurocognitive impairment (Rho, 1995; Sas et al., 2009). Once in the perivascular
space, activated monocytes and CD8* T cells interact with astrocytes to drive a chronic
neuroinflammatory response leading to destruction of neurons and declining cognitive
function.

Likewise, CD8" T cells from HIV patients have a highly activated phenotype (7.e., CD38
expression) (Giorgi et al., 1993; Shacklett et al., 2004). Enhanced CD38 expression was
observed on CD8™ but not CD4* T cells in PBMC isolated from HIV patients treated with
exogenous IFNa (Manion et al., 2012). Further, it has been well documented that CD8* T
cells in the brain gradually lose cytolytic effector function over time (Aubert et al., 2011;
Shan et al., 2012) and this is likely due to the lack of CD4" T cells in the CNS given their
inability to cross the BBB (Barcia et al., 2006). However, HIV-specific CD8" T cells
maintain their ability to secrete effector cytokines including IFN-y (Schrier et al., 2015).
Presently, it is unknown how T cells maintain their ability to secrete IFNy despite persistent
antigen and lack of CD4* T cells.

The major constituents of cannabis

Cannabis, also known as Cannabis Sativa, is made up over 500 chemicals with 104 of them
being defined as phytocannabinoids (EISohly and Gul, 2014). In addition to cannabinoids,
there are other compounds present in cannabis including terpenes and flavonoids (National
Academies of Sciences and Medicine, 2017). Two cannabinoids receiving significant
attention for their putative medicinal properties are A%-tetrahydrocannabinol (THC) and
cannabidiol (CBD). THC concentrations can vary widely between cannabis strains, typically
18-33%. By contrast, CBD in most strains is a minor cannabinoid accounting approximately
0.2% of the plant material (EISohly et al., 2016). However, due to increasing interest in
CBD, cannabis strains possessing higher CBD content are increasingly abundant. THC but
not CBD, is the main psychotropic component of cannabis, as it impairs aspects of cognition
including short-term memory (Atakan, 2012). However, THC and CBD do display similar
effects elsewhere in the body, with both shown to have immune modulating/anti-
inflammatory, antiemetic and antiepileptic activity (Atakan, 2012). Moreover, it is
noteworthy that a number of minor cannabinoids including CBD and cannabinol are known
to possess immune modulatory and anti-inflammatory activity; however, because they
possess low binding affinity for CB1 or CB2, and therefore do not mediate their activity
through CB1 or CB2, they will not be discussed but have been recently reviewed (Pertwee,
1999; Bergamaschi et al., 2011, Iffland and Grotenhermen, 2017; Huestis et al., 2019).

Cannabinoid receptors, CB1 and CB2, in immune modulation

Two cannabinoid receptors (CB) have been cloned, CB1 and CB2. CB1 is expressed
primarily in the CNS but is found in most peripheral tissues (Matsuda et al., 1990). CB2 is
found primarily in the periphery, with the exception of microglial cells (Carlisle et al., 2002),
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and is expressed most notably in immune cells (Munro et al., 1993). Measurements of CB1
and CB2 mRNA expression in lymphoid tissues and leukocyte preparations suggest that
CB2 is the predominant cannabinoid receptor expressed within the immune system
(Bouaboula et al., 1993; Munro et al., 1993; Schatz et al., 1997). Despite the known
presence of cannabinoid receptors in immune cells, the role of these receptors in immune
modulation is elusive. Since the first identification of cannabinoid receptor expression within
the immune system by my laboratory (Kaminski et al., 1992), our major goals have been to
define the role of CB1 and CB2 in immune modulation and to elucidate the signal
transduction pathways and target genes affected by cannabinoids. Based upon 30+ years of
research, virtually every immune cell-type has been found to respond to cannabinoids. In
addition, biological activity can occur through CB1 and/or CB2-dependent or —independent
mechanisms. Other putative cannabinoid receptors have been postulated but the evidence for
their role remains equivocal and will not be discussed here.

Cannabinoid modulation of plasmacytoid dendritic cell secretion of IFNa and the
involvement of CB2

As pDC-derived IFNa has been implicated in chronic inflammation and HAND, we have
recently explored the ability of cannabinoids, both plant-derived and synthetic, to modulate
the production of this cytokine. Toward this end, we reported that THC suppressed TLR9-
mediated induction of IFNa by pDC isolated from HIV-negative and HIV+ individuals.
Furthermore, pDC from HIV+ individuals exhibited greater sensitivity to THC-mediated
suppression than pDC from HIV-negative individuals. One explanation for the observed
difference in cannabinoid-sensitivity may be differential expression of cannabinoid receptors
between HIV-negative and HIV+ individuals. Indeed, PBMC from HIV+ patients showed
augmented expression of both CB1 and CB2. This is concordant with prior literature
demonstrating that inflammatory cytokine stimulation induces expression of cannabinoid
receptors. As CB2 is the primary cannabinoid receptor expressed by pDC, CB2 is an
appealing target for limiting the release of pDC-derived inflammatory mediators. Toward
this end, we have demonstrated that the CB2-selective agonists, JWH-015 and JWH-133,
impaired TLR9-induced secretion of IFNa by pDC from HIV-negative individuals
exhibiting a similar profile to THC. Collectively, these findings suggest that by impairing
pDC-derived IFNa., CB2-selective agonists may attenuate critical events contributing to the
initiation and progression of HAND, specifically, the acquisition of inflammatory effector
functions of immune cells (e.g., CD16* monocytes and IFNy* CD8" T cells).

Cannabinoid modulation of human monocyte function and the putative involvement of
CB2

Purified human monocytes exhibit higher CB2 mRNA expression in comparison to CB1
(Roth et al., 2015). Likewise, microglia express higher CB2 mRNA levels compared to CB1
(Ashton and Glass, 2007; Stella, 2009). Several reports have shown human primary
monocytes to be sensitive to THC treatment, with the evidence suggesting a CB2-mediated
mode of action. Specifically, /n vitro THC treatment was able to inhibit monocyte
differentiation into mature dendritic cells, ultimately decreasing monocyte-mediated
activation of T cells (Roth et al., 2015). Using specific CB2 agonists and antagonists, CB2
was suggested to be the predominant cannabinoid receptor responsible for THC modulation
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of monocyte function (Roth et al., 2015). In addition, /n vitro treatment with JWH-015 or
JWH-133, both CB2 selective agonists, impaired human monocyte chemotaxis in response
to CCL2 and CCL3, with the suspected mechanism being a CB2-mediated reduction in the
chemokine receptors, CCR2 and CCR1, and the cell adhesion molecule, intercellular
adhesion molecule 1 (ICAM-1) (Montecucco et al., 2008).

In the context of chronic immune activation and neuroinflammation during HIV infection,
several reports have suggested anti-inflammatory activity by cannabinoids on specific
monocyte processes implicated in HAND. Specifically, we and others, have demonstrated
that HIV-infected individuals utilizing cannabis display a lower level and/or frequency of
CD16™ monocytes compared to HIV+ non-cannabis users (Manuzak et al., 2018; Rizzo et
al., 2018; Castro et al., 2019). Albeit not statistically significant, we also observed a lower
level of CD16*CD163* monocytes in HIV-infected cannabis users compared to non-users
(Rizzo et al., 2018). In addition, we have /in vitro evidence demonstrating that THC
suppresses monocyte transition from CD16~ to CD16* when stimulated with IFNa. as well
as the frequency of CD16"CD163* monocytes, which was observed in monocytes isolated
from HIV-negative and HIV-infected individuals (Rizzo et al., 2018). However, CBD, which
displays minimal binding affinity to CB1 and CB2, had no effect on the IFNa-mediated
increase in CD16* monocytes, suggesting cannabinoid receptor involvement (Rizzo et al.,
2018) most likely involving a CB2-mediated mechanism. Future studies will be needed to
test this hypothesis. As CD16™ monocytes are more permissive to HIV infection compared
to classical (CD16™) monocytes and are implicated in neuroinflammation, the decrease in
CD16™ monocytes observed with cannabis use would be presumed to be beneficial. In fact,
Williams and colleagues have shown that /n vitro THC decreased monocyte susceptibility to
HIV infection during differentiation into macrophages suggesting CB2 involvement
(Williams et al., 2014c). The proposed mechanism of THC was suggested to be through a
reduction in expression of HIV co-receptors, CD4, CCR5 and CXCRA4. Furthermore, THC,
albeit at a high concentration (30uM), reduced monocyte expression of CD16 and CD163
during differentiation (Williams et al., 2014c).

In addition to the observation with cannabis use on CD16* monocytes, we also found
decreased plasma IP-10 in cannabis using HIV+ individuals compared to HI\VV+ non-users
(Rizzo et al., 2018). This decrease in plasma IP-10 with cannabis use may also be beneficial
as IP-10 is suggested to be an important contributor to disease progression during HIV
infection (Lei et al., 2019). For instance, IP-10 has been shown to stimulate HIV replication
in monocyte-derived macrophages and blood lymphocytes (Lane et al., 2003). In addition,
IP-10 has been identified to be elevated in the blood and CSF of patients with HAND, and to
be inversely correlated with N-acetylaspartate, a marker of neuronal injury (Pulliam et al.,
2011; Yuan et al., 2013). /n vitro experiments have also revealed direct neurotoxic effects of
IP-10 as evidenced by apoptosis of neurons (Sui et al., 2006). In peripheral blood
mononuclear cells, monocytes have been identified as the major producers of 1P-10 when
stimulated with HIV or IFNa (Simmons et al., 2013; Rizzo et al., 2018). Accompanying the
observation of decreased plasma IP-10 in HIV+ cannabis users, we found that THC
treatment, at relevant concentrations observed with cannabis use (Huestis, 2007), suppressed
IFNa-mediated secretion of IP-10 by monocytes that were isolated from HIV+ donors
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(Rizzo et al., 2018). Future studies will be required to examine whether CB2 is responsible
for the THC-mediated suppression of monocyte-derived IP-10.

A consequence of HIV-associated neuroinflammation is astrocyte dysfunction, which can be
caused by release of immune-cell derived inflammatory cytokines, reactive species and HIV
virions/viral proteins (Genis et al., 1992; Andjelkovic et al., 2000; Gonzalez-Scarano and
Martin-Garcia, 2005; Sofroniew and Vinters, 2010; Ton and Xiong, 2013; Rizzo et al.,
2019). The resulting effects on astrocytes include secretion of inflammatory cytokines and
chemokines, and impaired glutamate uptake (Ton and Xiong, 2013). Cytokine/chemokine
secretion by astrocytes further promotes recruitment of blood-derived monocytes and CD8*
T cells while promoting the production of ROS and NO by microglia and macrophages
(Kaul et al., 2001; Hong and Banks, 2015; Scutari et al., 2017).

Recently, we developed a human primary co-culture system to address the role of activated
monocytes on astrocyte inflammatory responses and subsequent effects of cannabinoids
(Rizzo et al., 2019). Specifically, we investigated the effect of TLR7-activated monocytes on
astrocyte production of MCP-1, IL-6 and IP-10, as these factors have been shown to be
increased in the plasma and/or cerebrospinal fluid (CSF) during HIV infection and
associated with neuronal injury and/or cognitive impairment (Pulliam et al., 2011; Kamat et
al., 2012a; Yuan et al., 2013; Ramirez et al., 2014; Anderson et al., 2015; Lake et al., 2015;
Yuan et al., 2015; Rizzo et al., 2018). When chronically elevated, these factors contribute to
ongoing leukocyte infiltration, cytokine secretion and direct neuronal injury (Kaul et al.,
2001; Gonzalez-Scarano and Martin-Garcia, 2005; Sui et al., 2006; Sofroniew, 2015; Scutari
etal., 2017). We found that TLR7 activation of monocytes (HIV-negative) induced astrocyte
production of MCP-1 and IL-6, and when in combination with IFNa, induced IP-10
secretion as well (Rizzo et al., 2019). In addition, monocyte-derived IL-1p was identified to
be the critical factor governing the astrocyte response (Rizzo et al., 2019), highlighting a
potential mechanism of astrocyte dysfunction during HAND.

When examining the impact of THC on the TLR7-stimulated co-culture response, THC
suppressed astrocyte secretion of both MCP-1 and IL-6 (Rizzo et al., 2019), suggesting
beneficial anti-inflammatory effects of cannabinoid receptor activation in the context of
HAND. Furthermore, we identified that THC targeted both cell types, suppressing TLR7-
mediated monocyte secretion of IL-1p and IL-1p+TLR7-mediated astrocyte production of
MCP-1 and IL-6 (Rizzo et al., 2019). Furthermore, the CB2 selective agonist, JWH-015,
suppressed monocyte secretion of IL-1p in a similar manner as THC, suggesting CB2
receptor-dependence (Rizzo et al., 2019). In addition, these findings provide support for
CB2 as a therapeutic target (Cabral and Griffin-Thomas, 2009; Dhopeshwarkar and Mackie,
2014).

Indeed there are significant parallels in response of microglia and monocytes to
cannabinoids. This is evidenced by marked reductions in pro-inflammatory cytokine
secretion (i.e. IL-1p) by cannabinoid treatment (Lu et al., 2015; Malek et al., 2015; Wen et
al., 2015). In both cases, cannabinoid receptors couple primarily to Gajj, to inhibit adenylyl
cyclase and cyclic AMP signaling cascade (Lutz, 2002). Unlike monocytes however,
cannabinoid treatment of microglia also appears to skew these cells toward an anti-
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inflammatory/regenerative phenotype as evidenced by their production of IL-10 and brain-
derived neurotrophic factor (BDNF) (Tolon et al., 2009; Correa et al., 2010; Mecha et al.,
2016). Despite the breadth of work on microglia and their modulation by cannabinoid
receptors, given the practical limitations in acquiring primary human microglia, a large
portion of investigations have been conducted in animal or cell systems. It is noteworthy that
there are fundamental differences between species in the C terminus of the CB2 receptor
amino acid sequence. For example, murine CB2 is 13 amino acids shorter, while the rat is 50
amino acids longer compared to human CB2 (Atwood and Mackie, 2010). As such, care
should be taken in the interpretation of results involving CB2 across species.

The conclusions drawn based on the current body of evidence presented here is that THC,
potentially through CB2, suppresses specific human monocyte inflammatory processes
implicated in HAND; including peripheral IFNa-mediated monocyte activation and TLR-
activated monocyte-mediated astrocyte production of cytokines and chemokines.

Modulation of T Cells by cannabinoids

As mentioned, published studies indicate that IFNy* HIV-specific cytotoxic lymphocytes
(CTL) in the CSF of HIV patients have a strong correlation with HAND (Schrier et al.,
2015). Naive CD8* T cells residing in the secondary lymphoid organs become activated
following intercalation and recognition of antigen presenting cells (APC), driving them to
become HIV-specific CTL (Doherty et al., 1997). During this time, the immune environment
present during T cell activation greatly influences the magnitude and type of effector
function virus-specific CTL adopt. As mentioned previously, secreted IFNa enhances
proliferation of virus-specific CTL in murine models (Jennings et al., 2014) and in human
studies of CTL isolated from HIV-infected individuals treated with IFNa (Manion et al.,
2012). Further, exposure to IFNa during activation increases effector function of virus-
specific CTL (Curtsinger and Mescher, 2010; Jennings et al., 2014). As with monocytes, it
has been widely established that cannabinoids also regulate CD8* T cell activation and
effector function, and that this regulation is mediated, in part, through the CB2 receptor
(Robinson et al., 2015).

One of the most potent effects of cannabinoids on CD8* T cells is the suppression of T cell
proliferation (Klein et al., 1985). This has been demonstrated in both murine and human
models using exogenous mitogens as well as antigen-specific proliferation (Yuan et al.,
2002; Borner et al., 2009). Given the link between CD8* T cell proliferation and acquisition
of effector function, it is not surprising that cannabinoids potently inhibit CD8* T cell
cytokine secretion, IFNy specifically (Newton et al., 1994; Klein et al., 2000). This is likely
due to the hierarchal nature of the acquisition of effector function by CD8* T cells
(Rothenberg et al., 1991; Kaech et al., 2002). As CD8* T cells proliferate, promoter regions
of effector cytokines become more accessible for transcription factor binding, such as AP-1
(Chen et al., 2018). For example, naive CD8* T cells readily secrete IL-2 upon activation but
minimal IFN+y (Tham et al., 2002). Following prolonged proliferation, CD8" T cells begin to
secrete IFN+y and eventually other inflammatory cytokines such as TNFa (Pennock et al.,
2013). The effects of cannabinoids on CD8" T cell cytolytic granule release have been less
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studied. However, evidence exists in rodent models that cannabinoids, THC in particular,
may also suppress cytolysis, but has yet to be explored in human models (Klein et al., 1991).

While it has been widely established that cannabinoids suppress CD8* T cell activation,
proliferation, and IFN-y secretion, unfortunately few studies have been conducted on the
specific effects of cannabinoids in the context of HAND (Schrier et al., 2015). It has been
recently reported that IFNa treatment of CD8* T cells from HIV+ individuals resulted in
enhanced IL-7R signaling and STAT5 phosphorylation (Henriquez et al., 2018). Further,
IFNa treatment directly led to increased proliferation of CD8* T cells, and this enhancement
was suppressed by THC treatment, even in CD8" T cells from HIV+ individuals (Henriquez
et al., 2018). While not yet tested, it is tempting to speculate that cytokine secretion by
CD8* T cells may likely be impacted due, in part, to reduced T cell proliferation. Given the
established role of HIV-specific CD8* T cells and IFNvy in exacerbating and sustaining HIV-
induced neuroinflammation, there is need for further studies investigating the potential
utility of CB2 specific agonists in ameliorating some of these effects.

CB2 as atarget in the treatment of HIV-associated neuroinflammation

As discussed here, it is well established that systemic peripheral immune activation is both a
major consequence of HIV infection and also a mechanism contributing to the promotion of
HIV-associated neuroinflammation and cognitive impairment (Anzinger et al., 2014; Hong
and Banks, 2015; Lewis and Couturier, 2019). Indeed, chronic systemic inflammation,
including monocyte/microglial activation, is readily identifiable in HIV patients, even in the
ART era, and correlates with disease progression and neurocognitive impairment (Fischer-
Smith et al., 2008a; Pulliam et al., 2011; Sandler et al., 2011; Kamat et al., 2012b; Burdo et
al., 2013; Williams et al., 2014b). Likewise, it is widely established that cannabinoid
receptor agonists possess immune modulating activity, and most relevant to this discussion,
anti-inflammatory properties. Through the examination of HIV+ cannabis using and non-
using individuals several laboratories, including our own, have observed evidence of marked
reductions in activated circulating leukocytes, in particular CD16* monocytes, which have
been implicated in promoting neuroinflammation. Unfortunately, due to its psychotropic
properties, cannabis remains a highly controversial therapeutic modality. By contrast, CB2
selective agonists such as JWH-015 or JWH-133 have been demonstrated to possess anti-
inflammatory properties and do not possess psychotropic activity. Indeed, targeting CB2 to
reduce both systemic and CNS localized inflammation could prove to be effective in the
management of HIV-associated chronic inflammation and, in particular, in slowing the
progression of HAND. Moreover, it is important to emphasize that because
neuroinflammation plays a critical role in the etiology and progression of a number of
neurocognitive disorders including, Alzheimer’s Disease, Parkinson’s Disease, and Multiple
Sclerosis, targeting CB2 may have broader therapeutic applications which go beyond
treatment of HAND. Despite the exquisite anti-inflammatory properties of CB2 agonists in
in vitro and animal models, these findings have yet to be confirmed in a clinical setting,
especially in the context of the neurocognitive disorders discussed in this review.
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