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Abstract

While there is an emerging consensus that engagement of the Mu opioid receptor by opioids may 

modulate various stages the HIV life cycle (e.g.: increasing cell susceptibility to infection, 

promoting viral transcription, and depressing immune responses to virally-infected cells), the 

overall effect on latency and viral reservoirs remains unclear. Importantly, the hypothesis that the 

increase in immune activation observed in chronic opioid users by direct or indirect mechanisms 

(i.e., microbial translocation) would lead to a larger HIV reservoir after ART-suppression has not 

been supported to date. The potential for a subsequent decrease in reservoirs after ART-

suppression has been postulated and is supported by early reports of opioid users having lower 

latent HIV burden. Here, we review experimental data supporting the link between opioid use and 

HIV modulation, as well as the scientific premise for expecting differential changes in immune 

activation and HIV reservoir between different medications for opioid use disorder. A better 

understanding of potential changes in HIV reservoirs relative to the engagement of the Mu opioid 

receptor and ART-mediated immune reconstitution will help guide future cure-directed studies in 

persons living with HIV and opioid use disorder.
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Introduction

Opioid administration is known to negatively affect the host immune defenses, leading to 

increased susceptibility to infections such as pneumonia or, in the case of persons who inject 

drugs (PWIDs), endocarditis, osteomyelitis, septic arthritis and epidural abscesses (Ronan 

and Herzig, 2016; Edelman et al., 2019; Schranz et al., 2019; Visconti et al., 2019). This has 

led to an increased overall prevalence of hospitalizations related to infectious diseases in 

PWIDs [(Ronan and Herzig, 2016); reviewed in (Reardon, 2019)]. Indeed, opioids can 

directly affect immune function by interacting with cell surface receptors (e.g. μ opioid 

receptor, MOR) on immune effectors, inducing the secretion of pro-inflammatory cytokines, 

reducing Natural Killer (NK) cell activity, impairing T helper type 1 (Th-1) responses, and 

reducing antibody production. In addition, chronic opioid use leads to chronic constipation, 

dysbiosis and alterations of the mucosal barrier, and microbial translocation, all of which 

results in increased immune activation and chronic inflammation, as discussed below.

The use of intravenous drugs is associated with increased risk of HIV infection: according to 

reports by the US Center for Disease Control (Prevention, 2020), in 2018, PWIDs accounted 

for 7% of new US HIV diagnoses; in the period 2014–2018, the overall prevalence of HIV 

among US PWIDs was 9%. In addition, people living with HIV are more likely to be 

prescribed opioids for long-term management chronic pain. (Canan et al., 2019). The 

important role that immune activation and adaptive responses have on determining the 

course of Human Immunodeficiency Virus (HIV) infection, immune reconstitution after 

anti-retroviral therapy (ART), and levels of HIV reservoirs highlight the potential impact of 

MOR engagement on host and viral outcomes.

The goal of this manuscript is to review the existing literature covering the effects of MOR 

engagement on immune activation, and their impact on HIV persistence. We review the 

direct effects of opioids on chronic inflammation and immune activation, followed by a 

addressing their indirect effects by altered intestinal motility and function. Effects of opioid 

exposure on HIV infection are also reviewed, with reference to the viral cycle and the 

response to ART. We conclude by reviewing known and potential effects of opioid agonists 

and antagonists approved for the treatment of opioid use disorder, discussing their potential 

impact on the outcomes of HIV infection and treatment.

Opioids and leukocyte subsets: MOR and immunosuppression

Opioids can induce activation of T, B, NK cells and myeloid cells (neutrophils, monocytes 

and macrophages) (Zaki et al., 2006; Garcia et al., 2012; Zhu et al., 2016) which if sustained 

could contribute to immunosupression.

Engagement of the MOR at the surface of immune cells can directly affect immune function, 

resulting in secretion of pro-inflammatory cytokines [e.g., Monocyte chemoattractant protein 

(MCP)-1, Interferon (IFN)-γ inducible protein (IP)-10] in a nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB)/Protein kinase C (PKC) ζ -dependent manner 

(Happel et al., 2011; Al-Hashimi et al., 2013), reduction of NK cell activity through central 

dopaminergic signaling (Saurer et al., 2004), impaired T helper type 1 (Th-1) responses, and 
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reduced antibody production (Roy et al., 2011; Ninkovic and Roy, 2013). MOR engagement 

can directly affect sustained immune responses, resulting in impaired Th-1 responses and 

reduced antibody production (Roy et al., 2011; Ninkovic and Roy, 2013);

While both lymphocytes and monocyte/macrophages express functional MOR, the effects of 

MOR activation can vary. In B cells, some effects have been noted: acute morphine 

administration induces loss of immature B-cell (among other subsets) in mice. This may be 

due to an effect on B-cell development, as the precursors are not depleted. Morphine reduces 

the B-cell mitogenic response to bacterial lipopolysaccharide (LPS) (Bryant et al., 1988), but 

MOR stimulation may enhance IgG and IgM production (Cheido et al., 2014). B cells are 

recovered upon cessation of morphine, in association with proliferation of the B-cell 

precursors. (Zhang et al., 2011). Whatever the effect on humoral responses, however, heroin 

and methadone users appear to have the same ability to mount an immune response to 

trivalent Influenza vaccine (Moroz et al., 2016), suggesting that compensatory mechanisms 

after prolonged opioid use may exist in vivo.

MOR activation is associated with NF-kB activation in myeloid cells (Gessi et al., 2016), 

while the effects on T-cells is affected by the T cells’ metabolic state. In activated T cells, 

treatment with MOR agonists results in decreased expression of transcription factors 

Activator protein (AP)-1, NF-kB and Nuclear factor of activated T cells (NFAT), indicating a 

possible impairment of multiple signaling pathways; however, the same factors are induced 

by MOR stimulation in resting cells (Wang et al., 2003; Martin-Kleiner et al., 2006). In T 

cells, morphine has also been shown to inhibit Tumor necrosis factor (TNF)-α-induced NF-

kB activation (possibly by reversing I-kB ubiquitination) (Borner and Kraus, 2013). In 

nonhuman primates, long-term morphine administration increased circulating regulatory T 

cells (Treg) and the functional activity of Th17, indicating an overall dysregulation of these 

homeostatic mechanisms, with a potential suppression of Th-1 responses, which are 

necessary for viral control. Increasing overall frequencies of gut-homing (cluster 

differentiation (CD)161 and C-C chemokine receptor (CCR)6 and CCR5 expression in T-

cells (Cornwell et al., 2013) were also observed, suggesting alterations in the ability of 

immune cells to target sites of infection. Opioid-induced changes on adaptive immune 

responses decreasing functionality would be detrimental to overall health. Importantly, not 

all opioids have the same immunosuppressive properties: in recent large retrospective study, 

patients using opioid analgesics without reported immunosuppressive activity (oxycodone, 

oxymorphone, tramadol) were at lower risk of developing infections requiring 

hospitalization [most frequent: pneumonia (56.1%), cellulitis (17.9%), bacteremia without 

pneumonia (15.3%), pyelonephritis (6.1%), and septic arthritis/osteomyelitis (3.8%)] than 

patients using immunosuppressive opioids (morphine, fentanyl, methadone) (Wiese et al., 

2019). The potential for sustained immunosuppression of adaptive responses by opioids 

suggests that long-term opioid use (i.e. in individuals with OUD or undergoing chronic pain 

management) may reduce the overall immune system’s ability to control viral infections, 

and in the case of HIV, may result in impaired immune reconstitution after initiating ART, as 

further discussed below. As with humoral responses above, further analysis is needed to 

distinguish between the acute and sustained effects of MOR interactions in affecting cell-

mediated responses in vivo as effects on immunosuppression or compensatory mechanisms 

if present may be affected by modality, frequency and duration of exposure.
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Opioids and intestinal motility: Fueling Innate Immune Activation

Although acute stimulation of the MOR in peripheral blood mononuclear cells (PBMC) has 

been shown to result in secretion of the pro-inflammatory cytokines [e.g.: MCP-1, 

“Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted” 

(RANTES) and IP-10) in a NF-κB/PKCζ -dependent manner] (Happel et al., 2011; Al-

Hashimi et al., 2013) and cellular activation (e.g., T cells (Brown et al., 2012), direct MOR 

engagement on lymphocytes is not thought to be the main driver of activation after chronic 

opioid use in vivo. At a systemic level, opioid-dependent systemic activation is thought to be 

driven indirectly by an increase trafficking of bacteria and microbial products (eg., bacterial 

or fungal products) from the small and gross intestine lumen resulting from a generalized 

disruption of the intestinal homeostasis, via an altered mucosal barrier (Meng et al., 2013), 

mucus secretion (Rogers and Barnes, 1989), and/or bile acid metabolism [in murine models, 

(Banerjee et al., 2016) reviewed in Wang and Roy (Wang and Roy, 2017)]. Specifically, a) 

opioid-induced overexpression of TOLL-like receptors (TLR) 2 and 4 in the intestinal 

mucosa leads to alterations in the epithelial tight junctions; in rodents this was shown to 

depend on the activation of myosin light chain kinase (MLCK), and to result in bacterial 

translocation to the liver; b) binding of opioids to cells of the enteric nervous system (ENS) 

plexa leads to decreased motility, resulting in chronic constipation and in increased intestinal 

transit times (Yuan et al., 1998; Holzer, 2004, 2008; Camilleri et al., 2017; Muller-Lissner et 

al., 2017) with an accumulation of bacterial products and c) chronic opioid exposure results 

in changes in the intestinal microbiota (increase in Gram+ bacteria of the phylum 

Firmicutes, previously associated with systemic inflammation), which is TLR-2-dependent 

and may be related to acidification of the bile secretion (Peng et al., 2012; Khansari et al., 

2013; Meng et al., 2013; Banerjee et al., 2016). A potential added contributing factor is the 

alteration of the intestinal motility and homeostasis due to direct effects of opiates on the 

intestinal enteric glia (Galligan, 2015). Opioid use has also been reported to directly alter 

microbiota in humans and animal models (reviewed in (Banerjee et al., 2016; Wang and 

Roy, 2017; Le Bastard et al., 2018)); cirrhotic patients who use opioids show a decrease in 

the relative abundance of autochthonous taxa and Bacteroidaceae in intestinal microbiota 

(Acharya et al., 2017). Therefore, chronic opioid use is expected to indirectly impact 

immune activation by its effects on intestinal motility and permeability (Meng et al., 2019). 

It should be noted that polydrug use can also contribute to mucosal permeability 

dysregulation, as reported for use of stimulants (Volpe et al., 2014; Carrico et al., 2018) or 

alcohol (Engen et al., 2015; Monnig et al., 2016; Donnadieu-Rigole et al., 2018). 

Conversely, a reduction in immune activation has been reported by cannabinoids (Chandra et 

al., 2015; Rizzo et al., 2020), stressing the need to assess the added factors that may affect 

the integrity of the intestinal mucosal barrier.

Taken together, the observation of dysbiosis (verified in murine models) (rev. in (Akbarali 

and Dewey, 2019)) and increased translocation of bacterial residues supports a role for TLR-

mediated inflammatory responses and immune activation as an outcome of opioid abuse 

(Banerjee et al., 2016). Importantly, dysbiosis, compromised intestinal wall, bacterial/

microbial translocation, and myeloid activation caused by opioid share pathogenic features 

with HIV infection as both have been reported to result in dysbiosis and increased microbial 

translocation (Meng et al., 2015; Novati et al., 2015; Zevin et al., 2016; Allam et al., 2018; 
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Bandera et al., 2018; Lujan et al., 2019; Weiner et al., 2019). As shown in Figure 1, an 

increase in dysbiosis, compromised gut integrity, and the resulting immune activation would 

provide a link between opioid use and the incidence of diseases of sustained systemic 

inflammation. Most recently, work by Hileman et al (Hileman, 2020) indicated that elevation 

of chronic inflammation-related biomarkers such as TNF-α receptors I and II, C-reactive 

protein (CRP), D-dimer, soluble (s) CD14 and sCD163, LPS-binding protein (LBP) and 

beta-D-glucan are associated with opioid use, independent of HIV infection (notably, 

zonulin levels are associated with HIV infection, independent of opioid use, indicating a 

viral-mediated intestinal mucosa injury). Although gut mucosa has been the predominant 

focus for the effects of MOR on microbial translocation studies, further investigation is still 

needed to address less studied mucosal barriers (eg., oral, lung, reproductive tract).

The impact of OUD on systemic and intestinal mucosa immune activation has also been 

documented by the analysis of T-cell expression of the activation markers CD38 and HLA-

DR, T cell proliferation [based on the expression of Kiel-67 (Ki67) antigen], and myeloid 

activation in association with markers of microbial translocation (as measured by LPS and 

sCD14) (Mehandru et al., 2015). Specifically, the analysis of 19 individuals with active 

OUD and 13 non-OUD individuals showed that the OUD group had significantly higher 

expression of CD38 in the peripheral blood and gastrointestinal (GI) tract as compared to the 

non-OUD group. Additionally, the expression of Ki67 on T cells was also significantly 

higher in the peripheral blood and GI tract of OUD individuals compared to the non-OUD 

group. Finally, the levels of sCD14 (indicative of myeloid activation) was significantly 

higher in the OUD individuals compared to non-OUD individuals. Combined, these data 

further evidence that chronic opioid is linked to increased activation in the gut-associated 

lymphoid tissue (GALT), increased expression of markers of myeloid cell activation, and 

increased presence of microbial translocation. Whether this effect is substantially different 

between type of opioid drug, medications for opioid use disorder or non-immunosuppressive 

opioid analgesics remains to be established.

Effect of opioids on HIV infection: Synergistics immune modulation

Opioid use results in host effects and biological outcomes that have the potential to affect 

HIV infectivity and promote viral replication, in part by modulating host immune function 

and sustaining chronic inflammation as noted above per intestinal stasis and microbial 

translocation. A recent study based on single-cell transcriptomics (Karagiannis et al., 2020) 

indicates that peripheral blood monocytes from chronic opioid users have reduced native 

expression of antiviral gene programs; in the same individuals, both T and NK lymphocytes 

have impaired responses as a result of LPS responses within PBMC. Importantly, the same 

study reports that acute in vitro treatment of PBMC with morphine impairs the LPS response 

as measured in in T, B and NK cells from non-OUD donors, suggesting an impaired direct 

causative pathway.

Apart from the effects in gastro-intestinal (GI) tract reviewed above, chronic opioid use in 

the presence of HIV infection affects other organs such as the central nervous system (CNS) 

as indicated by the fact that HIV-infected individuals with OUD have more cognitive 

impairment than non-OUD even after ART suppression (Applebaum et al., 2009; Hauser et 
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al., 2012; Meyer et al., 2013). To date, the role of opioid-dependent dysregulation of 

immune cell functions in the CNS and in maintaining persistent chronic neuro inflammation 

after HIV infection has received more attention than opioid effects in other organ systems 

(Bell et al., 1998; Hauser et al., 2005; Brenchley et al., 2006; Burdo et al., 2006; Byrd et al., 

2012; Gill and Kolson, 2014). For example, morphine can increase macrophage and CD8+ T 

cell infiltration, and viral load in the hippocampus and striatum (Bell et al., 1998; Reddy et 

al., 2012). In murine models, morphine promoted viral replication in the hippocampus, but 

decreased CCL5 in the frontal lobe (McLane et al., 2014). Indeed, MOR interaction by 

morphine was shown to synergize with HIV-1 Tat protein to induce astrocyte production of 

TNF-α, interferon(IFN)-γ, and CCL5/RANTES in both in vitro and in vivo mouse models 

(El-Hage et al., 2005; El-Hage et al., 2008a; El-Hage et al., 2008b) In myeloid cells, 

morphine enhances HIV infection and replication in macrophages and CNS myeloid cells 

(Banerjee et al., 2011; Reynolds et al., 2012). Opioid-associated mechanisms increasing 

myeloid production of HIV include suppression of type-1 IFN-related antiviral responses 

(Wang et al., 2012), alteration of the blood/brain barrier (Strazza et al., 2016) leading to 

transmigration of myeloid cells across the blood/brain barrier [(Leibrand et al., 2019), 

reviewed in (Strazza et al., 2011)], increased expression of HIV co-receptor molecules (Guo 

et al., 2002; Steele et al., 2003), and suppression of anti-HIV micro-RNAs (miRNAs) [(Dave 

and Khalili, 2010; Wang et al., 2011; Wang et al., 2015; Wang et al., 2020); reviewed in 

(Purohit et al., 2012)]. In addition, MOR stimulation may directly transactivate the HIV 

long-terminal repeat (LTR) through activation of cyclic adenosine monophosphate (cAMP)/ 

cAMP response element-binding protein (CREB)-dependent pathways (Banerjee et al., 

2011). Of these, the effects of opioid on viral binding and negative modulation of the Type I 

interferon response are considered the most consequential. Specifically, morphine exposure 

is expected to increase viral replication by its induction of CCR5 and C-X-C chemokine 

receptor (CXCR)4, promoting viral infection, particularly of myeloid cells, and cellular 

trafficking (Li et al., 2003; Steele et al., 2003; Zheng et al., 2012). In addition, morphine is 

expected to disrupt type 1 interferon signaling, leading to a dysregulated cellular antiviral 

response and facilitating increased viral replication (Cheung et al., 1991; Wang et al., 2011). 

Heroin has also been reported to reduce the expression of Type I Interferon-induced 

restriction factors [Tripartite motif-containing protein (TRIM)5a, TRIM22, apolipoprotein B 

mRNA editing enzyme (APOBEC)3G], therefore increasing the permissiveness for HIV 

replication (Zhu et al., 2017). In a recent study looking at single-cell transcriptomics 

(Karagiannis et al., 2020), opioid users were also shown to have a blunted response 

(antiviral, peak inflammation and sustained inflammation genesets) to LPS further 

supporting that acute exposure to opioids may impair the ability of immune cells to restrict 

viral infection.

Consistent with an increase in viral replication following exposure to morphine, CD4 loss 

and viral setpoint after Simian immunodeficiency virus (SIV) infection in macaques were 

shown to be greater in animals undergoing long-term morphine administration (Kumar et al., 

2004). Additional mechanisms potentially linking HIV infection and drugs of abuse, beyond 

the scope of this review, have been previously reported (reviewed in (Meng et al., 2015)).

As noted above, indirect mechanisms of HIV modulation by opioids include the increased 

representation of pro-inflammatory species/taxa in the intestinal microbiome. Individual 
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microbes are well known to cause gut inflammation and disease in a susceptible host, but 

recent data implicate a role for whole intestinal microbial communities in the pathogenesis 

of numerous inflammatory disorders (58–63). In murine and human vaccine studies, the 

action of the microbiome has been implicated in determining inflammatory set points (65–

69) that can have functional consequences such as altered vaccination outcomes. Effects of 

MOR on intestinal stasis and activation would be expected to intersect with effects of HIV 

infection, microbiota, and sustained activation. HIV-infected individuals with low abundance 

of colonic butyrate-producing bacteria have high levels of microbial translocation and 

immune activation (Dillon et al., 2017). Butyrate is a short chain fatty acid produced in the 

colon by bacteria as a breakdown product of dietary fiber which has been shown to regulate 

inflammatory immune responses and support intestinal barrier integrity (reviewed in (Koay 

et al., 2018)).

Figure 2 and Table 1 summarize the host changes associated with MOR modulation that may 

increase HIV infectivity upon exposure, contribute to increasing viral load by direct and 

indirect mechanisms, and impact HIV persistence after ART suppression. The available 

literature supports a higher frequency of HIV founder virus following intravenous exposure 

in PWIDs, supporting a link with higher inoculum dose by IV route or infectivity, or both. 

Available data also indicate a faster HIV disease progression in opioid users (McNeil, 1997; 

El-Hage et al., 2005; Meijerink et al., 2014), whereas data on the impact of opioid use in 

HIV persistence after ART-mediated viral suppression are still emerging as discussed below.

While we focus on immune activation, due to its significance in HIV disease, it is important 

to note that additional immune pathways may be affected by chronic exposure to opioids: for 

example, a) exposure to morphine has been long known to inhibit induced oxidative burst in 

PBMC (Peterson et al., 1987), and b) chronic exposure to morphine reduces chemotaxis, 

resulting in delayed recruitment of monocytes and granulocytes to wound site in murine 

models (Martin et al., 2010). Future studies leveraging novel discovery platforms (“omics” 

platforms such as transcriptomics, genomics, microbiomics, etc.) might prove helpful in 

addressing the intersection of these diverse, interconnected pathways in PWIDs living with 

HIV infection.

Opioids and ART-suppression of HIV: Synergy in activation continues

Currently no study has assessed the effect of opioids on HIV latent reservoir formation after 

ART-mediated suppression or what the effects of MOR-activation has on HIV persistence in 

target organs (e.g: CNS, GI tract). Chronic opioid use would predict a higher viral load at 

start of ART thus a potentially higher viral reservoir. The persistence of immune activation 

by opioids would be expected to compete against ART suppression, add to the retained 

levels of activation, and/or affect the rate and amount of CD4 recovery and immune 

reconstitution. In the absence of opioid use, long-term ART results in viral suppression 

(plasma VL < 50 copies/ml) but does not fully reverse the damage inflicted by chronic HIV 

replication. The extent of immune impairment associated with chronic residual immune 

activation on ART is not completely understood, but the increase in “exhausted” activate T 

memory cells is thought to contribute to the overall immune suppression that persist in 

chronic HIV, and approaches aimed at neutralizing checkpoint inhibitors such as PD-1 are 
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being attempted in the pursuit of an HIV cure on ART [reviewed in (Henderson et al., 

2020)].

A body of work on ART suppressed PLWH supports the persistence of T cell activation and 

inflammation (Valdez et al., 2002; French et al., 2009; Lederman et al., 2011) (further 

reviewed in (Hunt, 2012)), the lasting depletion and/or dysfunction of innate immune 

subsets (e.g., plasmacytoid dendritic cells (Chehimi et al., 2002; Sachdeva et al., 2008) and 

monocytes (Hearps et al., 2012)), and the retained expression of low level cell-associated 

HIV RNA. Persistent immune activation (as evidenced by the expression of CD38 and HLA-

DR on CD8+ T cells) and exhaustion [e.g.: expression of the marker Programmed cell death 

protein (PD)1 on immune cells] are associated with impaired immune reconstitution (Hunt 

et al., 2003; Fernandez et al., 2006; Goicoechea et al., 2006; Nakanjako et al., 2011), and, as 

demonstrated in our studies, detection of cell-associated HIV RNA (Abdel-Mohsen et al., 

2018). The observation that levels of soluble CD163 and CD14 (associated with microbial 

translocation) remain elevated despite ART (Burdo et al., 2011b; Burdo et al., 2011a; Patro 

et al., 2016) supports the retention of myeloid activation in addition to the T cell 

compartment, as recently reported (Hearps et al., 2012). Indeed, interleukin (IL)-6 levels 

have been reported as a correlate of low levels of viral replication on ART (Bastard et al., 

2012). Furthermore, chronic inflammation markers (CRP, IL-6) and other acute phase 

reactants (e.g., D-dimer and cystatin C) remain elevated in subjects undergoing successful 

ART (VL < 400 copies/ml) (Neuhaus et al., 2010), indicating that, like cellular activation, 

the inflammatory cascade can remains active after viral suppression. Indeed, while immune 

reconstitution observed in patients with ART does improve neurological complications of 

HIV as demonstrated in different national Neuro-acquired immune deficiency syndrome 

(AIDS) cohorts (McArthur et al., 2010), there is retained levels of macrophage activation 

(i.e.: elevated neopterin) in the cerebrospinal fluid (CSF) (Abdulle et al., 2002; Eden et al., 

2007), supporting the lack of complete reversal in myeloid activation in the CNS after ART 

suppression. Within the widely reported persistence of myeloid immune activation after 

ART suppression (Abdulle et al., 2002; Eden et al., 2007; McArthur et al., 2010; Hearps et 

al., 2012), the exposure of opioids would be expected to sustain activation levels irrespective 

of ART suppression.

However, as noted above, data indicate a potential difference in type of opioid used and 

effects on activation. While CD4 recovery following ART initiation might not be affected by 

chronic exposure to prescription opioids, as indicated in a large Veteran Administration 

cohort study (Edelman et al., 2016), recent publications indicate a higher retention of 

immune activation in OUD individuals with ART-suppressed HIV by maintaining higher 

levels of circulating intermediate and non-classical CD14+/CD16+ monocytes bearing 

CD163 (as well as increased soluble CD163) (Underwood et al., 2020) than ART-suppressed 

controls; this monocyte subset is more prone to HIV infection and are thought to be involved 

in supporting chronic inflammation in tissues (Fischer-Smith et al., 2001). Finally, 

expression of the glucose transporter 1 (Glut1) (and subsequently increased glucose intake 

into the cell) is induced by binding of the delta opioid receptor (DOR), receptor for 

enkephalins and cannabidiol which may mediate the reward mechanisms of MOR-specific 

opioids and is antagonized by buprenorphine and naloxone reviewed in Pradhan A.A 

(Pradhan et al., 2011); this has also been observed in rats treated with morphine (Yousif et 
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al., 2008); to date, a similar association has not been established in humans. Increased 

expression of Glut1 has also been described CD4+ T cells from HIV infected individuals 

(Palmer et al., 2014), where it leads to increased anaerobic glycolysis and correlates with 

cellular activation markers and may be associated with disease progression. The existence of 

a possible synergy between MOR stimulation and HIV infection on the expression of Glut1 

has not yet been explored; if confirmed, this pathway could contribute to linking MOR-

induced anaerobic metabolism in HIV-infected CD4+ T cells, sustaining their chronic 

activation and viral transcription, with a mechanism for sustaining the persistence of HIV on 

ART.

Medications of Opioid Use Disorder and Immune Activation: MOR agonists and 
antagonists

OUD is currently treated with medications (MOUDs) such as opioid agonists (methadone or 

buprenorphine), or antagonist (extended-release naltrexone), together with other harm-

reduction services. These interventions have greatly reduced HIV incidence by reducing 

opioid use and increasing access and adherence to ART (Volkow and Montaner, 2011; 

2014), and contribute to significant public health improvement (Stimson et al., 2010; 2014).

The effect of MOUD on ART-mediated immune recovery is expected to differ, depending on 

the degree in which MOUD components (and indeed any other MOR agonist, such as 

prescription and non-prescription opioids) engage and stimulate MOR-dependent signaling. 

Specifically, it is anticipated that agonists and, to a lesser degree, partial agonists will have 

immunomodulatory effect similar to those observed in opioids (leading to chronic 

inflammation and immune activation, negatively impacting immune recovery), whereas 

individuals receiving naltrexone will experience a reduction in dysbiosis and bacterial 

translocation, leading to a greater degree of immune reconstitution (See Figure 3). 

Regarding partial agonists, the expectation may be less clear as studies with buprenorphine 

associate with better neurocognitive outcomes (Soyka et al., 2005; Pirastu et al., 2006; 

Rapeli et al., 2007; Rapeli et al., 2011; Soyka et al., 2011), suggesting that they might result 

in lower levels of neuroinflammation. Importantly, buprenorphine may to reduce the 

migration of CD14+/CD16+ monocytes into the CNS in response to CCL2 (Jaureguiberry-

Bravo et al., 2018). The potential biologic effects of MOUDs on immune responses and 

chronic inflammation within target systems (Gastrointestinal, CNS, lymph), particularly 

relevant in persons living with HIV with OUD (e.g.: the impact of MOUDs on disease 

progression, immune activation or HIV reservoirs on ART), remain poorly understood, 

despite substantial evidence for opioid-induced immunosuppression (Sacerdote et al., 2012).

Opioids and Persistent HIV Reservoirs Dynamics on ART

Chronic opioid use in ART-suppressed persons living with HIV promotes a positive 

feedback of activation and dysbiosis as summarized in Figure 4 which alone or with added 

influences from polydrug, comorbidities and diet are expected to impact HIV persistence. It 

remains to be determined how opioid based immunosuppression may impact the “latent 

reservoir” in which cells carry an integrated copy of the viral genome that does not express 

viral transcripts or proteins. These latent proviruses are not affected by ART or cleared by 

the immune system with a fraction able to be maintenance by clonal expansion in absence of 
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activation (Lee et al., 2017); however, they can revert to a viral productive state upon 

stimulation (Crooks et al., 2015) (Finzi et al., 1999) (Chun et al., 1997).(Chun et al., 1997; 

Finzi et al., 1999; Crooks et al., 2015).

Supporting an effect of opioid-mediated activation on HIV latency, recent observations 

indicate that ART suppressed PWIDs have lower level of viral reservoir (Bachmann et al., 

2019). Specifically, the authors performed a longitudinal study in 84 ART suppressed 

PWIDs and reported a smaller HIV reservoir size (as measured by total HIV DNA) as 

compared to ART suppressed controls 1.5 years after initiation of ART. While authors ruled 

out Hepatitis C and Interferon therapy as confounders, they did not establish the mechanism 

for the lower HIV DNA levels apart from a potential survival bias (PWID started ART after 

a longer time of infection thus may have lower viral loads). We would postulate that opioid-

mediated activation and the potential for latency reactivation may have fueled the decline as 

well (i.e.: through “burnout” of latently infected cells). Apart from the evidence of higher 

myeloid activation, the role of MOR-mediated direct effects on T-cell chromatin and 

epigenetic silencing [e.g. through modulation of histone deacetylases (HDAC), Histone 

Lysine Methyltransferase (HKMT) and Polycomb Repressive Complex 2 (PCR2)], levels of 

negative (e.g. NELF) or positive transcription factors [e.g. the NFkB / positive transcription 

elongation factor (P-TEF)b / 7SK small nuclear ribonucleoprotein (snRNP) transcriptional 

complex), or negative regulation of RNA processing and transport (e.g. miRNAs) may also 

impact reservoir formation and persistence, as well as increased reactivation from latency. 

While mechanism of latency and its reversal (outside the scope of this manuscript) have 

been published in recent years (Cary et al., 2016; Mbonye and Karn, 2017; Khoury et al., 

2018), it also remains to be determined if PWIDs receiving MOUD have more or less 

efficient reactivation of HIV transcription in the presence of current “shock & kill strategies” 

with latency reserving agents (e.g. HDAC inhibitors, PKC agonists, etc.). Even if the 

decrease described by Bachmann et al (Bachmann et al., 2019) was in part due to viral 

reactivation while on continuous ART, long-term opioid use does not result in HIV 

eradication, indicating the presence of other, competing effects that contribute to HIV 

persistence in PWIDs. In addition, poor ART adherence, including prolonged interruptions, 

has recently been associated with higher proviral DNA levels [measured by Intact proviral 

DNA assay (IPDA)] in ART treated PWID (Kirk et al., 2020), suggesting that, in addition to 

pre-treatment baselines, ART adherence should be carefully recorded and factored in the 

analysis of future studies evaluating changes in persistent HIV measures.

Future Directions: Opioids and HIV Reservoirs Dynamics

There is an overall need to foster original studies on opioids and HIV reservoir dynamics, as 

highlighted by priority areas yet to be explored such as:

• Establishing the relative importance of regulatory mechanisms (see table 1) in 

promoting HIV residual transcription in the presence of ART (i.e., as a source of 

activation) and/or replication in opioid users addressing potential differences in 

modality, frequency and duration of opioid use.
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• Characterizing the contribution of microbial translocation in mucosal tissues to 

tissue-based viral reservoirs in opioid users, with a focus on GALT - in relation 

to microbiome alterations.

• Characterizing the role of the CNS as a preferential HIV reservoir site in opioid 

users - with a focus on resident and infiltrating immune mediators, as well as 

their relationship with HIV-associated neurocognitive disorders (HAND).

• Establishing the specific role of MOR agonists (particularly methadone and 

buprenorphine, due to their predominant clinical use, but also 

immunosuppressive vs. non-immunosuppressive opioid analgesics) and 

modalities of exposure (e.g. acute, vs. Chronic, oral vs. parenteral, etc.) on the 

intestinal microbiome, and their role in sustaining immune activation and HIV 

reservoirs in HIV-infected, ART suppressed individuals.

• Determining the impact of MOR engagement during ART on immune activation/

exhaustion, and on the retention of reservoir levels.

• Determining the role of MOR interactions in contributing or antagonizing 

leading HIV cure-directed strategies based on latency reversal and/or redirecting 

cell-mediated responses against latently infected cells (eg., ADCC, T-cell CAR, 

etc.).

Based on what we have already learned on the systemic effects of opioid use on immune, 

viral and target organ systems (CNS, GI tract), it is clear that HIV reservoir dynamics as 

well as the prospects of achieving stable remission or eradication in this population will 

depend on achieving greater clarity on the dynamic interplay between the MOR, immune 

activation and systemic viral reservoir dynamics after ART suppression.
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Fig 1. 
Conceptual model linking gut integrity damage, microbial translocation, persistent myeloid 

cell activation, and systemic disease outcomes from sustained inflammation.
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Fig 2. 
Summary of major cellular and systemic opioid effects expected to impact HIV infection 

and replication.
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Fig 3. 
Expected interplay between medications of opioid use disorder (MOUD), μ-Opioid Receptor 

(MOR) and sustained dysbiosis/microbial translocation. The use of Opioids, MOUD-

Agonists (methadone, buprenorphine) and MOUD-Antagonists (naltrexone) are the leading 

mechanisms shown. Blue lines illustrate how MOUD-Antagonists may block MOR 

activation resulting in a reduction in dysbiosis, a decrease of microbial translocation-

inducted activation, and increased immune recovery on antiretroviral therapy (ART).
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Fig 4. 
Conceptual model representing the interaction between substance abuse affecting immune 

activation, dysbiosis (compromised gut barrier) and persistent HIV after ART suppression. 

Common approaches used to monitor these three areas are listed in outer periphery of figure.
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Table 1

Potential opioid effects on molecular targets affecting HIV replication and pathogenesis in HIV-infected 

individuals on suppressive ART

Target pathway Effects References

miRNAs Opioids suppress anti-HIV miRNAs (Dave and Khalili, 2010; Wang et al., 2011; 
Wang et al., 2015; Wang et al., 2020)

Antiviral restriction factors Heroin reduces the expression of restriction factors 
TRIM5a, TRIM22, APOBEC3G, and IFN-a, -b

(Zhu et al., 2017)

Glucose transport and 
glycolysis

Glut1 expression is enhanced in rats treated with morphine (Yousif et al., 2008)

Gut barrier, Microbial 
translocation

Opioid-induced Chronic activation of HIV-infected targets 
through TLRs

(Banerjee et al., 2016)

Direct activation of 
immune effectors

Opioid-induced activation of T, B, NK cells and myeloid 
cells

(Zaki et al., 2006; Garcia et al., 2012; Zhu et al., 
2016)

Direct glial/astrocyte 
activation (CNS)

Morphine synergizes with HIV-1 Tat protein to activate 
glial/astrocytes

(El-Hage et al., 2005; El-Hage et al., 2008a; El-
Hage et al., 2008b)

Enhanced transcription Opioid-induced increased TLR4-mediated NFkB in 
microglia; decreased NFkB in T cells; induced AP-1 and 
CREB in neuronal cells; increased AP1 NFkB and NFAT in 
resting immune effectors.

(Bilecki et al., 2004; Martin-Kleiner et al., 2006; 
Borner and Kraus, 2013; Gessi et al., 2016)

Glycosylation patterns and 
immune activation

Opioid consumption (including methadone) associated with 
glycemic dysregulation and metabolic syndrome (Chronic 
inflammation and immune suppression)

(Giugliano et al., 1985; Mysels and Sullivan, 
2010; Vallecillo et al., 2018)

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2021 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Azzoni et al. Page 25

Abbreviations used in this manuscript

Abbreviation Definition What is it?

7SK snRNP 7SK small nuclear ribonucleoprotein Combine with other proteins (e.g. NF-kB) to form transcriptional complexes

AIDS Acquired immune deficiency syndrome The disease caused by HIV

AP-1 Activator Protein 1 Transcription factor, is part of the early response to cellular activation

APOBEC Apolipoprotein B mRNA editing enzyme Proteins with anti-HIV activity, induced by IFN stimulation

ART Anti-retroviral therapy Antiretroviral drugs, usually used in combination

cAMP Cyclic adenosine monophosphate Second-messenger in numerous signaling pathways

CCL C-C Motif Chemokine Ligand (e.g.: CCL5) Chemokine, some with pro-inflammatory effect

CCR C-C type chemokine receptor (e.g.: CCR5, 
and HIV coreceptor)

Cellular receptor for CC chemokines, also co-receptor for HIV

CD Cluster differentiation Term used to indicate monoclonal antibodies that react with the same 
molecule/set of molecules

CNS Central nervous system Brain and spinal cord

CREB cAMP response element-binding protein Transcription factor activated by camp

CRP C-reactive protein An acute-phase reactant, marker of inflammation in the serum

CSF Cerebrospinal fluid Liquid present in the CNS cavities and meningeal spaces

CXCR C-X-C type chemokine receptor (e.g.: 
CXCR4, an HIV co-receptor)

Cellular receptor for CXC chemokines

DOR Delta opioid receptor Enkefalins receptor

ENS Enteric nervous system Division of the peripheral nervous system (PNS) that can control 
gastrointestinal motility independently of central nervous system (CNS) 
input

GALT Gut-associated immune tissue Lymphoid tissue associated with the intestinal mucosa

GI Gastrointestinal Pertaining to the digestive tract

Glut1 Glucose transporter 1 Protein facilitating the transport of glucose across the cell membrane

HAND HIV-associated neurocognitive disorders Neurocognitive and neurological disorders associated with HIV infection

HDAC Histone deacetylase Chromatin modifier, involved in epigenetic regulation and silencing of genes

HIV Human immunodeficiency virus An RNA retrovirus that causes acquired immune deficiency syndrome 
(AIDS) in humans

HKMT Histone lysine methyltransferase Chromatin modifier, involved in epigenetic regulation and silencing of genes

IFN Interferon Group of secreted pro-inflammatory molecules with potent antiviral effects

IL- Interleukin (e.g. IL-2, IL-6) Small protein with biological/immunological effects

IP10 Interferon (IFN)-γ inducible protein 10 
(a.k.a. CXCL10)

Proinflammatory chemokine induced by interferons

IPDA Intact proviral DNA assay PCR-based method to assess intact cell-associated HIV

Ki67 Kiel-67 antigen A marker of cell proliferation

LBP LPS-binding protein Endogenous molecule that binds and inactivates bacterial LPS

LPS Lipopolysaccaride Lipopolysaccaride expressed on the cell wall of Gram-negative bacteria

LTR Long-terminal repeat Non-coding sequences in HIV RNA with regulatory function

MCP-1 Monocyte chemoattractant protein 1 Pro-inflammatory chemokine

miRNA Micro-RNA Small RNA molecules able to interfere with protein synthesis. Some have 
anti-HIV effects
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Abbreviation Definition What is it?

MLCK Myosin light chain kinase Enzyme responsible for muscle contraction

MOR Mu opiod receptor One of the receptors for natural and synthetic opioids

MOUDs Medications for opioid use disorder Medications used to treat opioid use disorder, including methadone, 
naltrexone, and buprenorphine

NFAT Nuclear factor of activated T cells Transcription factor, is part of the early response to stimulation of T-cell 
receptor and other pathways

NF-kB Nuclear factor kappa-light-chain-enhancer 
of activated B cells

Transcription factor, induces the transcription of various pro-inflammatory 
molecules

NK Natural Killer Innate immunity cells involved in first-line response to pathogens

OUD Opioid use disorder Problematic pattern of opioid use leading to clinically significant 
impairment or distress (DSM-5)

PBMC Peripheral blood mononuclear cells White blood cells including lymphocytes and monocytes, but not 
granulocytes or erythrocytes

PCR2 Polycomb repressive complex 2 
methyltransferase

Chromatin modifier, involved in epigenetic regulation and silencing of genes

PD1 Programmed cell death protein 1 A marker of cellular activation and exhaustion

PKC Protein Kinase C Signaling molecules, mediates cell activation

P-TEF B Positive transcription elongation factor B Combine with other proteins (e.g. Nf-kb) to form transcriptional complexes

PWID Person who inject drugs A person, often with OUD, who injects drugs, usually opioids

RANTES Regulated upon Activation, Normal T Cell 
Expressed and Presumably Secreted

Pro-inflammatory chemokine with anti-HIV effects

sCD Soluble CD (e.g., sCD14, sCD163) Soluble variety of a molecule normally expressed on a cell membrane, 
originated by enzymatic cleavage or shedding

SIV Simian immunodeficiency virus Retrovirus similar to HIV, infecting non-human primates

T helper type 1 Th-1 Adaptive (memory) immune cells involved in long-term memory and cell-
mediated responses to pathogens

TLR TOLL-like receptor Receptors sensing, among others, pathogen structures such as 
lipopolysacccarides or nucleic acids

TNF-α Tumor necrosis factor-alpha Pro-inflammatory molecule

Treg Regulatory T cells T cell subset responsible for the modulation/dampening of immune 
responses

TRIM Tripartite motif-containing protein Proteins with anti-HIV activity, induced by IFN stimulation
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