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Abstract
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Marijuana is one of the most commonly used and abused drugs. Δ-9-tetrahydrocannabinol (Δ-9THC), the primary psychoactive component in marijuana, is FDA-approved to ameliorate AIDSassociated wasting. Because cannabinoid receptors are expressed on cells of the immune system, it
is possible that chronic Δ-9-THC use may impact HIV disease progression. Until recently,
longitudinal, controlled, systems-approach studies on the effects of cannabinoids on disease
progression were lacking. Data from our controlled studies in non-human primates show chronic
Δ-9-THC administration prior to and during simian immunodeficiency virus (SIV) infection
ameliorates disease progression, attenuates viral load and tissue inflammation, significantly
reducing morbidity and mortality of SIV-infected macaques. Identification of possible
mechanisms responsible for this modulation of disease progression is complicated due to the
multiplicity of cannabinoid-mediated effects, tissue specific responses to the viral infection,
multiple cellular mechanisms involved in inflammatory responses, coordinated neuroendocrine
and localized responses to infection, and kinetics of viral replication. Emerging results from our
studies reveal that the overall mechanisms mediating the protective effects of cannabinoids
involve novel epigenomic regulatory mechanisms in need of systematic investigation. Here, we
review the evidence supporting an immunomodulatory role for cannabinoids and its impact to
disease progression with focus on HIV/SIV infection.
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Cannabis sativa (i.e., marijuana) contains over 60 different chemical constituents called
cannabinoids (Dewey, 1986; Hollister, 1986). The cannabinoids include cannabidiol,
cannabinol, and the major psychoactive constituent Δ-9-THC. An endogenous cannabinoid
system consisting of anandamide and 2-arachidonylglycerol, derivatives of arachidonic acid,
has also been described (Felder et al., 1996). These two endogenous cannabinoid ligands
have short half-lives and likely function as neuromodulators at or near their site of synthesis.
Their behavioral and physiological effects are similar to those of Δ-9-THC (Pertwee et al.,
1993), and are mediated by binding to two major cannabinoid receptor subtypes, CB1 and
CB2 (Felder and Glass, 1998; Pertwee, 1997). The CB1 receptor is preferentially expressed
in the brain and has been identified as the mediator of cannabis-induced neurobehavioral
effects (Ameri, 1999). The CB2 receptor is expressed primarily in peripheral tissues; it has
44% homology with the CB1 receptor (Munro et al., 1993), and is found on the surface of
immune cells such as T- and B-cells, in the marginal zones of the spleen, and in tonsils.
Both CB1 and CB2 receptors are coupled to Gi/o proteins and have been demonstrated to
inhibit adenylate cyclase after short-term treatment (Howlett, 1995) and activate MAP
kinase (Bouaboula et al., 1996). In addition to their neurobehavioral effects, cannabinoids
affect the immune response. Several lines of evidence, derived mostly from in vitro studies,
indicate that cannabinoids exert multiple effects on immune function that could modulate
disease progression.

Cannabinoid Immunomodulation & HIV
Recreational and medicinal cannabinoid use in HIV-infected individuals
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Antiretroviral therapy (ART) has substantially reduced morbidity and mortality in HIVinfected patients. HIV infection has become a more chronic disease during which co-morbid
conditions such as drug abuse (Prentiss et al., 2004) have greater potential of altering the
course of disease progression by affecting metabolic (Kino et al., 2003), immune, and
neurobehavioral function (Lee et al., 2001). The greater likelihood of cannabinoid use,
which is: a) frequent in the general population (Substance Abuse and Mental Health
Services Administration, 2004); b) perceived by the lay public as having low health risk; and
c) promoted as an appetite stimulant in AIDS patients, has the potential of affecting the
progression of the disease (Bing et al., 2001; Nair et al., 2004; Bell et al., 1998; Khalsa and
Royal, 2004; Galvan et al., 2003). Dronabinol (Marinol®), a synthetic form of Δ-9-THC, is
approved by the Food and Drug Administration for treatment of HIV-associated anorexia
(ElSohly et al., 2001). Although this approval has gained strong support from the lay public,
little scientific evidence exists to support the efficacy of such an intervention (Watson et al.,
2000). Moreover, few clinical studies have examined the impact of chronic Δ-9-THC use on
the course and progression of HIV infection. Studies have looked at the association between
marijuana use and rate of progression to AIDS in HIV+ males (Di Franco et al., 1996).
Though not controlled, those studies did not show detrimental association between
marijuana use and disease progression. Other prospective studies have examined the impact
of short-term (21 day) Δ-9-THC administration (3 daily 0.9 g marijuana cigarettes; 3.95%
Δ-9-THC) on HIV viral load. The results from that study did not show substantial elevation
in viral load in HIV+ individuals receiving stable antiretroviral regimens containing
nelfinavir or indinavir (Abrams et al., 2003), and thus, were considered to reflect the relative
safety of short-term Δ-9-THC use in this patient population. Supporting evidence for this
conclusion was provided by more recent studies that did not find short-term or long-term
adverse effects of use of marijuana on CD4 cell count in over 400 HIV+ men followed for
up to 11 years (Chao et al., 2008). However, controlled studies examining the impact of
prolonged Δ-9-THC use and its impact on viral replication, immune phenotype markers, and
overall disease progression remained lacking.
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Relevance and contribution of our studies
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The long-term effects of cannabinoid administration on the progression of HIV infection
have not been previously examined. A controlled study examining the impact of chronic
cannabinoid use on the immune, metabolic, and nutritional state of HIV+ individuals is
complicated by the difficulty in selecting a homogenous patient population. In addition, the
study of the host response from the time of initial infection to the development of the
symptomatic phase is problematic. Furthermore, the confounding effect of prescription and
non-prescription drugs frequently used by HIV+ individuals can alter the results obtained as
well as their interpretation. The infection of rhesus macaques with simian immunodeficiency
virus (SIV) circumvents these limitations, allowing for a controlled study design to identify
alterations in biological systems at specific stages of the disease. Based on its genetic,
antigenic, and biologic properties, SIV is the closest known relative of the human AIDS
viruses (Gardner and Luciw, 1988). SIV infection results in a disease that is remarkably
similar to HIV infection (Arthur et al., 1986). Intravenous inoculation with SIV results in
peak viral load between days 14 and 21, and a well-established viral antigenemia after ~30
days. This temporal progression, which may vary by strain, is followed by an SIV-infected,
yet asymptomatic period, that ultimately progresses to a clinical AIDS stage. Thus, SIV
infection of rhesus macaques is recognized as one of the best animal models for studying the
course of HIV infection.
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We examined the impact of twice daily, intramuscular injection of Δ-9-THC (0.32 mg/kg)
one month prior to intravenous infection with SIVmac251 in male rhesus macaques. Using
this protocol of administration, we achieved consistent levels of drug across subjects, with
average prevailing plasma Δ-9-THC levels of 22 ng/ml. Our studies show that chronic
treatment with Δ-9-THC, decreases plasma and CSF viral load and tissue inflammation,
significantly reducing morbidity and mortality of SIV-infected macaques (Molina et al.,
2010). Interestingly, other than what appears to be better retention of body mass and
attenuated inflammatory milieu, no significant alterations in immune phenotype were
observed in animals administered Δ-9-THC for 28 days prior to and throughout the course of
infection. In subsequent studies, we also demonstrated that chronic Δ-9-THC administration
to uninfected macaques for up to 12 months did not alter lymphocyte subtypes, naïve or
memory subsets, and proliferation and apoptosis of T lymphocytes when compared to timematched vehicle-treated controls (LeCapitaine et al., 2011). However, those studies showed
that chronic Δ-9-THC administration to naïve animals increased CD8+ and CD4+
lymphocyte expression of CXCR4. Whether this restricted modulation in lymphocyte coreceptor expression may play a role in host response to SIV infection is unclear. However,
we speculate that these effects could potentially contribute to T cell homing to sites of
infection. Similarly, clinical studies have failed to show significant alterations in immune
cell phenotype in chronic cannabis users (Bredt et al., 2002).
Possible protective mechanisms of cannabinoids
A potential mechanism for the overall protective effects seen with chronic Δ-9-THC is
through suppression of the inflammatory response in SIV-infected macaques. Several
studies have reported immunosuppressive and anti-inflammatory effects of cannabinoids
(Klein et al., 2000; Faubert Kaplan and Kaminski, 2003; Ehrhart et al., 2005; FischerStenger et al., 1993), and several lines of evidence indicate that cannabinoid
immunomodulation results from cell-mediated events including attenuated cytokine
production, decreased inflammatory cell recruitment, and protection from injury resulting
from release of toxic mediators by infected cells. Cannabinoids, including Δ-9-THC, have
been shown to have significant immunomodulatory effects (Friedman et al., 2003; Klein et
al., 2003) on cytokine production and lymphocyte function and survival (Zhu et al., 1998;
Friedman et al., 1995; Nahas et al., 1974) as well as cell-mediated immunity (Newton et al.,
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1994). Similar immunosuppressant effects on lymphocyte (Daul and Heath, 1975) and
alveolar macrophage (Cabral et al., 1991) function have been reported in nonhuman
primates. Furthermore, the potential of cannabinoids to regulate the activation and balance
of human Th1/Th2 cells by a CB2 receptor-dependent pathway has been suggested by
findings from several studies (Pross et al., 1990; Yuan et al., 2002). While the
immunosuppressant effects of THC may be detrimental under certain conditions, emerging
data suggest that this may not be the case in SIV/HIV infection (Reiss, 2010).
HIV thrives in a proinflammatory state
Uncontrolled HIV replication activates the immune system resulting in production of proinflammatory cytokines, a rise in lymphocyte proliferation and apoptosis (Meyaard et al.,
1992), and an imbalance in Th1/Th2 responses (Romagnani et al., 1994). Moreover, viral
replication is enhanced in an inflammatory state (Kotler et al., 1993; McGowan et al., 2004;
Decrion et al., 2005), and chronic inflammatory states are correlated with increased levels of
viremia (Groot et al., 2006) resulting from increased viral replication driven by proinflammatory cytokines (Connolly et al., 2005; Kfutwah et al., 2006). Studies have shown a
modulatory effect of pro-inflammatory cytokines, particularly TNF-α, on viral replication
(Decrion et al., 2005; Connolly et al., 2005; Kfutwah et al., 2006). In addition,
compartmentalized viral replication in the genital tract increased in the presence of
inflammation (Gumbi et al., 2008).
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Alternative mechanisms that could specifically contribute to decreased pathogenesis of
HIV/SIV infection
Recent studies have demonstrated that selective stimulation of CB2 receptors suppressed
IFN-gamma-induced CD40 expression and JAK/STAT1 signaling and this resulted in
decreased microglial TNF-alpha and nitric oxide production induced by IFN-gamma
(Ehrhart et al., 2005). Others have also reported an ameliorating effect of cannabinoids on
neuroinflammation (Cabral and Griffin-Thomas, 2008). Thus, a cannabinoid-mediated
reduction in system-wide inflammation and CD4+ T cell activation may protect the host and
lower viral replication as indicated by our data showing that SIV-infected macaques
chronically treated with Δ-9-THC have decreased neuroinflammation and lower CNS viral
load (Winsauer et al., 2011).
Cannabinoids protect from or decrease HIV viral replication
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The reports in the literature describing effects of cannabinoids on HIV replication are
conflicting. Studies have reported that 10 day Δ-9-THC administration (10 mg/kg) to
immunodeficient mice (huPBL-SCID) implanted with human peripheral blood leukocytes
(PBL), and infected with an HIV reporter construct, resulted in a transient increase in the
percentage of PBL expressing CCR5 and CXCR4 (HIV co-receptors) as well as an increase
in the number of HIV-infected cells (Roth et al., 2005). Moreover, in vitro studies have
shown increased syncytia formation when MT-2 cells were cultured in the presence of
cannabinoid agonists and HIV, suggesting increased infection and cytopathicity (Noe et al.,
1998). In contrast, others have provided evidence that the synthetic cannabinoid WIN
55,212-2 potently inhibits HIV-1 expression in CD4+ lymphocytes and microglial cell
cultures in a time- and concentration-dependent manner (Peterson et al., 2004). Moreover,
Rock et al. demonstrated the involvement of CB2 receptors in cannabinoid antiviral activity
in microglial cells suggesting that cannabinoid receptor agonists could directly suppress
viral replication (Rock et al., 2007). This is strongly supported by the results from our
studies showing a direct effect of cannabinoids on viral replication as seen by the reduced
numbers of SIV-infected cells in cultures incubated with Δ-9-THC prior to infection (Molina
et al., 2010). Our studies have also shown that Δ-9-THC-treated SIV-infected animals have
lower viral loads in plasma as well as brain tissue when compared to control animals
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2012 December 1.
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(Molina et al., 2010; Winsauer et al., 2011). Additional support for the possibility that
chronic Δ-9-THC results in suppression of viral replication and that this is associated with
suppressed inflammation is provided by findings from our recent studies in which animals
received a prolonged period of Δ-9-THC treatment (15–18 months) prior to SIV infection.
Our results show that the inflammatory milieu of lymph nodes and spleen at the time of
sacrifice (approximately 5 months post-SIV infection) were lower in chronic Δ-9-THCtreated SIV-infected animals (Figure 1). In addition, this reduced inflammatory environment
was associated with lower viral load in both tissues, particularly in lymph nodes, compared
to vehicle-treated animals (Figure 1).
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A more comprehensive analysis of SIV levels in spleen tissue reveals significantly lower
numbers of spleen cells harboring SIV as reflected by the log DNA copies/cell (Figure 2).
Moreover, levels of episomal SIV 2-long terminal repeat (2-LTR) DNA circles were also
significantly lower in Δ-9-THC-treated SIV-infected animals (Figure 2). The 2-LTR circles
are extra chromosomal products that remain in the nucleus after circularization and
integration of the proviral DNA. These episomal products have been used as a marker of
recent viral integration, and provide a discriminating measure of viral DNA entry into the
nucleus after integration of the proviral DNA into the host cell chromosome (Mannioui et
al., 2009). These results suggest that viral replication in immune tissues is reduced in Δ-9THC-treated animals. Because SIV is known to persist in viral reservoirs, such as the spleen
and lymph nodes, we speculate that control of this latent virus may contribute to improved
course of infection in our macaque model.
Additional protective effects of cannabinoids in HIV infection
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In vitro studies, using a human macrophage-like cell line, have provided supporting
evidence that cannabinoids attenuate HIV-1 Tat-induced migration, which in turn would be
expected to contribute to decreased tissue inflammation (Raborn and Cabral, 2010). CB1
receptor agonists and elevation of endocannabinoid levels by the FAAH inhibitor URB597
prevented the downregulation of tight junction proteins ZO-1 and claudin-5, as well as
inhibited Gp120-mediated damage of brain endothelium (Lu et al., 2008). While in vitro
studies cannot recapitulate the in vivo state they do provide potential insight into the
mechanisms occurring in vivo. Future studies are planned to examine the relevance of some
of these findings, particularly as they pertain to barrier function. An additional modulator
that has been proposed to affect progression of SIV infection has been the relative stress
level of the host. This has been suggested as a mechanism contributing to the opiate
modulation of SIV disease progression in studies by Donahoe et al.(Donahoe et al., 2009),
which contrasted with that reported by Kumar et al. (Kumar et al., 2004). The
neuroendocrine pathways involved in stress responses have been demonstrated to exert
profound effects on immune function (Molina, 2006; Molina, 2005). However, no controlled
studies have been conducted to examine the contribution of these mechanisms to SIV
disease progression. Moreover, though invoked as a potential mechanism in studies by
Donahoe et al., no measures of stress levels were obtained in those studies. Because
cannabinoids may modulate hypothalamo-pituitary and sympathoadrenal activation (Brown
and Dobs, 2002), we examined the potential role of attenuated stress levels, specifically the
hypothalamo-pituitary-adrenal axis, as a mechanism for the cannabinoid-induced
modulation of disease progression. Animals were housed in metabolic cages and 24 h
urinary excretion of cortisol was measured for three consecutive days following an initial 24
h period of acclimation to the metabolic cage. As reflected in Table 1, no significant
differences were noted in 24 h cortisol excretion assessed 3 months post-SIV infection in
vehicle- or Δ-9-THC-treated animals. Whether cannabinoid administration can modulate
stress levels during later periods of the infection remains to be explored. Moreover, whether
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Δ-9-THC altered sympathetic tone in immune tissues, such as the spleen, is yet to be
investigated.
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Systems approach to study cannabinoid modulation of HIV disease
Taken together, the existing evidence suggests that cannabinoids may systematically modify
host-pathogen interaction at various levels including the regulation of host immunity,
inflammatory response, cell metabolism, as well as the ability of the virus to integrate into
the host genome and replicate in host cells. Identification of possible mechanisms is
complicated due to multiple aspects involved in the process, including tissue specific
responses to the viral infection, multiple cellular mechanisms involved in inflammatory
responses, coordinated neuroendocrine responses to infection, and kinetics of viral
replication. Knowledge of specific cellular responses impacted by cannabinoids and the
resulting modification in viral infectivity, integration, and replication can be obtained from
in vitro studies. Transgenic models provide complementary information on the roles of
specific proteins in the course of disease and the interaction with drugs of abuse. However,
we speculate that shared pathways across organ systems may cooperatively affect viral
kinetics and, as a result, disease progression. The multisystemic effects of cannabinoids
could potentially impact several cell signaling and effector mechanisms involved in viral
entry into host cells, integration into the host genome, viral replication, and damage to host
cells, which likely contribute to the overall systemic response to the infection.
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The multiplicity of factors involved in HIV disease progession, their intricate relevance,
connectivity, and interaction cannot be effectively reconciled using isolated organ, cellular,
or molecular approaches and requires alternative approaches to their investigation. Systems
biology analysis is a powerful approach to identifying salient cellular and molecular
signatures prevailing during the infection in the presence of cannabinoid use. In ongoing
investigations, we are beginning to examine the contribution of genome-wide transcriptional
modulation to the cannabinoid-associated disease phenotype. Emerging data from our
laboratory indicate that Δ-9-THC produces marked alterations in gene expression in the
duodenum of SIV-infected macaques. When subjected to pathway analysis, differential gene
expression patterns reveal important and functionally relevant systems involved in host
response to infection, including those involved in the immune/stress response, cell adhesion
and tight junction signaling pathways. The gastrointestinal tract contains a significant
fraction of the body’s lymphoid tissue, the gut-associated lymphoid tissue (GALT). The
GALT, comprised of specialized lymphoid tissue, Peyer’s patches and activated
lymphocytes dispersed throughout the epithelium and lamina propria of the intestines, has
been identified as a primary site of SIV/HIV replication (Kotler et al., 1993), and is the site
of primary interaction with antigens. Many of the lymphoid cells found in the gut are the
effector memory T cell subtype (CD4+CD95+CD28−) and express CCR5, the co-receptor
used by SIV/HIV for cell entry during the early stage of infection. This makes them primary
targets for viral infection and proliferation (Mohri et al., 1998) leading to a rapid and
persistent decrease in the CD4+ effector cells in GALT that is not paralleled in the periphery
(Verhoeven et al., 2008). CD4+ T cell depletion is associated with an increase in both
apoptosis (Pandrea et al., 2007; Li et al., 2005) and proliferation of GALT T lymphocytes
and with increased tissue inflammation, immune activation, and decreased tissue repair
(McGowan et al., 2004; Decrion et al., 2005). This enhanced inflammatory response has
been proposed to impair the replenishment of CD4+ T cells in the GALT (Li et al., 2005;
Sankaran et al., 2008), and to contribute to maintenance of viral load. We speculate that
cannabinoids modulate intestinal inflammatory responses through CB2 receptors expressed
in cells of the GALT (Thuru et al., 2007), rendering protection from the localized activation
of inflammation in SIV-infected animals, potentially reducing tissue injury associated with
enhanced viral replication in GALT.
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The brain is an early target in HIV pathology (Hurtrel et al., 1991) and plays a central role in
modulating the neuroendocrine signals that regulate immune responses. The central nervous
system is a possible site for Δ-9-THC-induced immunomodulation which could directly
affect SIV/HIV neuropathogenesis. Focused analysis of gene microarray data should provide
insight into the network of pathways that potentially mediate the modulatory effects of
cannabinoids. Hence, we have performed microarray analysis on the brains (lateral
cerebellum) of vehicle-treated SIV-infected and Δ-9-THC-treated SIV-infected macaques
(Figure 3). These animals were treated with vehicle or Δ-9-THC for 15–18 months and SIVinfected for approximately 5 months. Our results show that chronic Δ-9-THC resulted in
significant changes in expression of 153 genes (7 upregulated and 146 downregulated genes)
compared to the vehicle-treated SIV-infected animals. Several genes that were differentially
regulated could potentially modulate inflammation and HIV infectivity. For example, in the
Δ-9-THC-treated SIV-infected animals, mRNA for I-kappa-B kinase subunit gamma
(IKBKG), coactivator-associated arginine methyltransferase (CARM1), and GLE1 were
decreased by 45% or less as compared to the vehicle-treated SIV-infected animals. IKBKG
encodes the regulatory subunit of the inhibitor of κB kinase complex, which activates NFκB pathway. Additionally, CARM1, which has been shown to be a novel transcriptional
coactivator of NF-κB (Covic et al., 2005), was downregulated in the Δ-9-THC animals. NFκB signaling affects many cellular processes including the transcription of proinflammatory
genes. Additionally, viruses including HIV have evolved mechanisms to modulate the NFκB pathway for enhanced viral replication, host cell survival and immune response and
evasion. Because chronic Δ-9-THC decreases the mRNA for IKBG and CARM1, which
would be expected to result in decreased activation of the NF-κB pathway, these findings
suggest a potential mechanism for the decreased inflammatory milieu and viral load in the
brains of the Δ-9-THC-treated SIV-infected macaques. The translocation of viral mRNA
from the nucleus to the cytoplasm is mediated via HIV Rev proteins. A nuclear reporter
signal (NES) is required for REV to move through the nuclear pore complex. It has been
reported that GLE1 contains a NES and is localized at nuclear pore complexes, indicating
that GLE1 is an RNA-export factor (Murphy and Wente, 1996). Thus, one could speculate
that the downregulation of GLE1 by chronic Δ-9-THC treatment may decrease the export of
HIV from the nucleus resulting in decreased viral production. This prediction is in
agreement with our results from viral kinetics in spleen and lymph nodes (Figures 1 and 2)
as well as with our observations of suppressed viral replication in MT4-R5 cells (Molina et
al., 2010). The regional and cellular specificity of these changes remains to be determined.
Cannabinoid modulation of SIV infection: role for epigenetics
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Recently, regulation of gene expression by epigenetic mechanisms has gained much
attention. Two primary modes of epigenetic modification occur in eukaryotic cells, DNA
methylation and histone modification. DNA methylation is the most characterized epigenetic
modification. Small changes in DNA methylation density can have profound biological
effects through modulation of gene expression. A prerequisite for understanding the function
of DNA modification in disease progression is knowledge of the distribution of these
modifications in the genome. While the impact of cannabinoids on DNA methylation has
not yet been examined, recent studies have shown CB1 receptor-mediated increases in DNA
methyltransferase (DNMT) activity in cells via activation of the p38 and p442/44 mitogenactivated protein kinase (MAPK) pathways. This enhancement of DNMT activity is
associated with a dramatic increase in DNA methylation and inhibition of gene expression
related to several cell functions in differentiating cells (Paradisi et al., 2008). Results from
our ongoing studies have provided evidence that this mechanism may be involved in the
immunomodulation observed in cannabinoid-treated animals.
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Ongoing studies from our laboratory have begun to examine the cannabinoid effects on
DNA methylation in tissues we consider to be critical checkpoints for HIV/SIV replication
and pathogenesis. CpG methylation arrays were performed on the same brain tissue as the
microarray study (Figure 4). Gene expression and DNA methylation pattern analyses reveal
that at least 50% of the genes that are differentially expressed in Δ-9-THC-treated SIVinfected vs. vehicle-treated SIV-infected animals can be linked to differential DNA
methylation patterns. Of interest, is the finding of relevant hypermethylated genes that can
impact viral entry, integration, and production as well as inflammation, shown in the insert
table of Figure 4. Among the most relevant genes CXCR4, nucleoporin 153kDa (NUP153),
RAN binding protein 2 (RANBP2), Human immunodeficiency virus type 1 enhancer binding
protein (HIVEP1), HIV-1 Rev binding protein (HRB), human immunodeficiency virus type I
enhancer binding protein 3 (HIVEP3), HIV TAT specific factor 1 (HTATSF1), mediator
subunit complex 12 (MED12), CCAAT-enhancer binding protein delta (C/EBPD), and
interleukin 1 receptor accessory protein (IL1RAP) are all hypermethylated (ranging from 3to 24-fold greater) in the Δ-9-THC-treated SIV-infected macaques compared to the vehicletreated SIV-infected macaques. CXCR4, a chemokine receptor, in addition to contributing to
inflammatory cell recruitment can be used as a coreceptor for HIV entry into cells,
particularly during later stages of the infection. The HIV preintegration complex (PIC)
enters the nucleus using nuclear pore complexes. It has been shown that RANBP2 and
NUP153 are cofactors for HIV-1 PIC nuclear entry (Sabri et al., 2007; Zhang et al., 2010).
HIVEP1 binds specific DNA sequences in the promoter and enhancer regions of several
viruses, including HIV. The HRB gene product binds the HIV Rev activation domain and
promotes nuclear export of Rev-directed RNAs. HIVEP3 binds both promoter and enhancer
regions of HIV. HTATSF1 codes for a cofactor that stimulates transcriptional elongation by
HIV-1 TAT, which binds the HIV-1 promoter. The hypermethylation and predicted
subsequent suppression of gene expression, suggests a novel hypothesis that Δ-9-THC may
hijack the expression of key proteins required for viral cell and nuclear entry, HIV promoter
and enhancer binding, and transcriptional elongation of HIV. Future studies are planned to
determine whether expression of these factors is indeed affected in the brain of Δ-9-THCtreated animals and to identify cellular specificity of the changes observed. Nevertheless,
our results strongly suggest that Δ-9-THC, through epigenetic mechanisms, is altering viral
kinetics in the brain. These mechanisms agree with the viral kinetics we observed in the
spleen (Figure 3). Similar viral kinetic analysis of brain tissues are in progress. In addition,
our results suggest that the hypermethylation of C/EBPD, a regulator of several
inflammatory mediators including IL-1, IL-6, TNF-α (Li et al., 2005), and IL1RAP which
mediates IL-1 activation of NF-κB, would be important epigenetic mechanisms of
neuroimmunomodulation relevant to HIV/SIV neuropathology. This speculation is
supported by our findings that among SIV-infected animals treated chronically with Δ-9THC, none to date has demonstrated substantial CNS findings on routine histological
analysis at necropsy (Winsauer et al., 2011).
Alternatively, cannabinoids could also be modulating the expression of miRNAs, a novel
class of endogenous, small, noncoding RNAs that negatively regulate gene expression via
degradation or translational inhibition of their target mRNAs. MicroRNAs are important
regulators of cell differentiation, proliferation/growth, mobility, and apoptosis (Zhang,
2008). Although the functional significance of specific miRNA expression is largely
unclear, studies indicate that a broad range of inflammatory conditions is associated with
dysregulation of miRNA expression. In addition, they are required for mounting a potent
innate immune response (miR-155) and suppressing premature innate immune cell
(neutrophil) activation (miR-223). While HIV/SIV infection results in CD4+ T cell
depletion, widespread tissue inflammation, and localized/generalized immune cell
activation, data from our ongoing studies indicate these changes are considerably suppressed
in cannabinoid-treated SIV-infected animals. Although interesting, several questions
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2012 December 1.
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including the molecular mechanisms underlying the protective effects of cannabinoids
remain unaddressed. Does cannabinoid administration induce the expression of specific
miRNAs? Are cannabinoid-induced miRNAs suppressing inflammation by selectively
targeting the mRNA of proinflammatory genes? Are cannabinoid-induced miRNAs
regulating the activity of the mRNA for genes associated with immune cell activation?
Results from our ongoing studies indicate that chronic Δ-9-THC alters expression of miRNA
in SIV-infected macaques (Table 2). Several miRNAs were found to be differentially
expressed in CD4+ cells, intestinal mucosa, and brain when Δ-9-THC-treated SIV-infected
macaques were compared to vehicle-treated SIV-infected macaques. Moreover, specific
miRNAs were shown to be differentially expressed in CD4+ T cells, intestinal mucosa
(colon), and brain of Δ-9-THC-treated SIV-infected macaques.
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Of interest, our results indicate that three miRNAs (mir-142-3p, -142-5p and -150)
previously shown to be highly enriched in naïve T cells (Wu et al., 2007), and significantly
downregulated upon cellular activation (differentiation into activated and memory T cells),
are expressed at high levels in the CD4+ T cells of the Δ-9-THC-treated SIV-infected
animals (Table 2). Additionally, results from similar analysis of intestinal mucosa reflect
increased expression of several miRNAs including miR-492, a miRNA predicted to target
the IL-22 receptor. Moreover, significant downregulation of miR-21 was observed in the
brain of Δ-9-THC-treated SIV-infected macaques. This miRNA was previously shown to be
upregulated in several inflammatory conditions (Moschos et al., 2007; Lu et al., 2009; Wu et
al., 2008). These findings suggest that Δ-9-THC changes miRNA expression resulting in
lower levels of immune activation in Δ-9-THC-treated SIV-infected macaques than in
vehicle-treated SIV-infected macaques. Furthermore, they concur with our observations of
lower pro-inflammatory cytokine expression in brains of those animals and are the focus of
current investigations.
Summary and Perspectives
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Taken together, various lines of evidence demonstrate that chronic Δ-9-THC initiated prior
to, and continued throughout the course of SIV infection does not impair, and may enhance,
the host’s ability to control viral load, and prolongs survival. While the small group sizes
and natural variation in SIV disease is a limitation of primate studies, the consistent findings
of immunosuppression, decreased viral loads, and reduction in neuropathologies in different
cohorts of animals as well as in tissues central to control of disease progression strongly
supports an important immunomodulatory role for cannabinoids. Whether similar responses
would have been observed if Δ-9-THC administration was initiated after the acute infection
period, and whether chronic cannabinoid administration would interact with antiretroviral
therapy effectiveness, pharmacokinetics, and/or toxicity, remains to be determined and
warrants further studies. Furthermore, how the concentrations of Δ-9-THC achieved in our
studies compare with those in patient populations consuming either oral or smoked Δ-9THC remains to be examined. Moreover, whether similar protective effects would be
observed with higher circulating levels of Δ-9-THC remains to be established. What is clear
is that a systems approach is necessary to integrate understanding of the biomedical
consequences of chronic cannabinoid administration on disease progression. Novel
directions embracing the identification of genomic mechanisms promise to elucidate
previously unidentified mechanisms important in disease progression and control of
infection. Furthermore, these new mechanisms may lead to the development of therapeutic
targets directed at improved morbidity and mortality.
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Figure 1.

Viral load in lymph nodes and spleen of Δ-9-THC-treated SIV-infected macaques show
attenuated inflammation and viral replication. Chronic Δ-9-THC treatment resulted in lower
INF-γ and IL-6 protein in lymph nodes and spleen. Viral RNA levels measured by
quantitative real time RT-PCR as described previously (Molina et al., 2010) in lymph nodes
and spleen of rhesus macaques treated chronically with Δ-9-THC (0.32 mg/kg; twice daily,
i.m.) or vehicle for 15–18 months prior to inoculation with SIV. Tissues were collected at
necropsy (113 to 503 days post-SIV infection). Chronic Δ-9-THC treatment resulted in
lower levels of viral gagRNA in lymph nodes and spleen, as compared to vehicle-treated
animals but reached statistical significance only in lymph nodes. *p≤0.05 determined by Ttest.
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Figure 2.
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Proviral DNA, and episomal SIV 2-LTR circle DNA in spleen of vehicle and Δ-9-THCtreated SIV-infected animals obtained at necropsy (113 to 503 days post-SIV infection) of
rhesus macaques treated chronically with Δ-9-THC or vehicle for 15–18 months prior to
inoculation with SIV. The 2-LTR circles are extra chromosomal products that remain in the
nucleus after circularization and integration of the proviral DNA. These episomal products
have been used as a marker of recent viral integration, and provide a discriminating measure
of viral DNA entry into the nucleus for comparison with proviral DNA copies integrated
into the chromosome. *p<0.05 determined by T-test.
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Figure 3.
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Microarray analysis of brains (lateral cerebellum) of 2 vehicle-treated SIV-infected and 2
Δ-9-THC-treated SIV-infected macaques. Animals were treated with vehicle or Δ-9-THC
for 15–18 months and SIV-infected for approximately 5 months. Results show that chronic
Δ-9-THC resulted in significant changes in expression of 153 genes (7 upregulated and 146
downregulated genes) compared to the vehicle-treated SIV-infected animals. The histogram
identifies all genes that were significantly up- (>2-fold) and downregulated (>70%). The
Illumina Custom algorithm, which assumes that target signal intensity is normally
distributed among replicates of the same condition, was used to compare the level of gene
expression. The signals were normalized by cubic spline normalization method and then
transformed to log2 scale. Rank Product, a non-parametric statistical method based on the
ranks of fold changes (Breitling et al., 2004), was employed to detect differentially
expressed genes. Rank Product detects genes that are consistently found among the most
upregulated/downregulated genes in a number of replicate experiments. With the selection
of 200 permutations and 0.01 as the cutoff for p-value, two tables, one for upregulated
genes, another for downregulated genes, were obtained.
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Figure 4.

NIH-PA Author Manuscript

DNA methylation patterns in brain (lateral cerebellum) of Δ-9-THC- and vehicle-treated
SIV-infected macaques obtained at necropsy (113 to 503 days post-SIV infection). DNA
methylation profiles were established using the Infinium Methylation27, which interrogates
more than 27,000 CpG islands in more than 14,000 genes. Data was normalized and the
distribution of the fraction (methylation fraction) was assumed to be normally distributed
among replicates. Similar to the analysis of microarray data, we adopted the non-parametric
procedure, Rank Product, to identify CpG islands whose methylation patterns show
increasing or decreasing trends between control and SIV, and between VEH/SIV and THC/
SIV. The methylation ratios were extracted after average normalization and then were used
for detecting differential methylation patterns. With the selection of 200 permutations and
0.01 as the cutoff for p-value, two tables, one for upregulated islands, another for
downregulated islands, were obtained. Meanwhile, genes spanned by these differential CpG
islands were obtained via the annotation in Illumina studio. The table insert identifies some
of the hypermethylated genes that are potentially delaying/decreasing SIV disease
progression.
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Table 1
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Average daily urinary cortisol excretion (ng/mg creatinine), plasma creatinine (mg/dl), and urinary creatinine
excretion (mg/day) in vehicle-treated and Δ-9-THC-treated SIV-infected macaques measured at three months
post-SIV infection. Animals were housed in metabolic cages and allowed 24 h to acclimate prior to
performing 24 h urine collections on three consecutive days. Cortisol concentrations determined by
radioimmunoassay have been normalized for urinary creatinine excretion. Plasma creatinine, urinary
creatinine excretion, and glomerular filtration rate (GFR) are presented to reflect no difference in renal
function at the time of urinary cortisol determinations. Values are average± SEM of N=4 in each group.
Experimental Group

Urinary cortisol excretion (ng/mg
creatinine/day)

Plasma creatinine (mg/dl)

Urinary creatinine
excretion (mg/day)

GFR ml/min

Vehicle SIV-infected

281±38

1.08±0.05

296±11

20±3

Δ-9-THC SIV-infected

250±72

1.05±0.03

283±7

19±2

GFR: glomerular filtration rate
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Table 2
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Differentially expressed (up and downregulated) miRNAs in CD4+ T cells isolated from a Δ-9-THC-treated
SIV-infected macaque showing at least 2-fold change in expression when compared to a vehicle-treated SIVinfected macaque. Log2 ratios were converted to fold changes. The miRNAs miR-142-3p, -142-5p and -150
have been previously shown to be expressed abundantly in naïve T cells. However, upon cellular activation
(differentiation into activated and memory T cells) the expression of all three miRNAs is significantly
downregulated. The increased expression of these three miRNAs observed in the Δ-9-THC-treated SIVinfected macaque may indirectly suggest reduced or significantly lower levels of immune activation, a
hallmark of HIV disease progression.
Upregulated miRNAs (n=58)

Downregulated miRNAs (n=13)

NIH-PA Author Manuscript

miRNA ID

Fold Change

miRNA ID

Fold Change

hsa-miR-125b-1*/mmu-miR-125b-3p/rno-miR-125b-3p

2.54

hsa-miR-1237

−2.4

hsa-miR-1264

3.14

hsa-miR-1249

−2.93

hsa-miR-134/mmu-miR-134/rno-miR-134

2.66

hsa-miR-126/mmu-miR-126-3p/rno-miR-126

−2.36

hsa-miR-142-3p/mmu-miR-142-3p/rno-miR-142-3p

2.81

hsa-miR-139-3p/mmu-miR-139-3p/rno-miR-139-3p

−2.41

hsa-miR-142-5p/mmu-miR-142-5p/rno-miR-142-5p

2.39

hsa-miR-223/mmu-miR-223/rno-miR-223

−2.75

hsa-miR-148b/mmu-miR-148b/rno-miR-148b-3p

2.5

hsa-miR-370/mmu-miR-370/rno-miR-370

−61.9

hsa-miR-150/mmu-miR- 150/rno-miR-150

2.05

hsa-miR-372

−2.4

hsa-miR-181a/mmu-miR-181a/rno-miR-181a

2.19

hsa-miR-373

−2.69

hsa-miR-181c/mmu-miR-181c/rno-miR-181c

2.1

hsa-miR-532-5p/mmu-miR-532-5p/rno-miR-532-5p

−3.44
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