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Abstract

Despite the ability of combination antiretroviral therapy to dramatically suppress viremia, the 

brain continues to be a reservoir of HIV-1 low-level replication. Adding further complexity to this 

is the comorbidity of drug abuse with HIV-1 associated neurocognitive disorders and neuroHIV. 

Among several abused drugs, the use of opiates is highly prevalent in HIV-1 infected individuals, 

both as an abused drug as well as for pain management. Opioids and their receptors have attained 

notable attention owing to their ability to modulate immune functions, in turn, impacting disease 

progression. Various cell culture, animal and human studies have implicated the role of opioids 

and their receptors in modulating viral replication and virus-mediated pathology both positively 

and negatively. Further, the combinatorial effects of HIV-1/HIV-1 proteins and morphine have 

demonstrated activation of inflammatory signaling in the host system. Herein, we summarized the 

current knowledge on the role of opioids on peripheral immunopathogenesis, viral 

immunopathogenesis, epigenetic profiles of the host and viral genome, neuropathogenesis of SIV/

SHIV-infected non-human primates, blood-brain-barrier, HIV-1 viral latency, and viral rebound. 

Overall, this review provides recent insights into the role of opioids in HIV-1 

immunopathogenesis.
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Introduction

HIV-1 prevalence continues to be a severe worldwide public health problem, with nearly 33 

million people infected with HIV-1. Also, since the incidence of drug abuse among HIV-

infected people is rapidly growing, there is an increased risk of the infected drug abusing 

people to develop HIV-associated neurocognitive disorders (HAND) compared to non-drug 

users infected with HIV-1. The Centers for Disease Control and Prevention describe HIV-1 

infection and drug abuse as two intertwined epidemics, resulting in not only compromised 

combination antiretroviral therapy (cART) adherence but also to exacerbated pathogenesis 

of HAND. Among the several abused drugs, the use of opiates is highly prevalent in HIV-

infected individuals, both as a recreational drug as well as for pain management (Atluri 

2016; Basu et al. 2007; Hauser et al. 2012; Krashin et al. 2012; Lum and Tulsky 2006; 

Merlin et al. 2016; Noel et al. 2008). The interplay of HIV-1 and opiates thus raises concerns 

regarding the combinatorial effects of both on the progression of HAND. In recent years, 

chronic low-level inflammation likely mediated by residual viral proteins, abused drugs as 

well as long term cART usage (as these individuals continue to live longer), has been 

implicated as a significant underlying factor in the progression and pathology of HAND. 

Opioids and their receptors have attained notable attention owing to their ability to modulate 

immune functions, in turn, impacting disease progression. Various cell culture, animal and 

human studies have implicated the role of opioids and their receptors in modulating viral 

replication and virus-induced pathology both positively and negatively (Banerjee et al. 2011; 

Carr et al. 1996; Tahamtan et al. 2016; Welters 2003). Additionally, combinatorial effects of 
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HIV-1/HIV-1 proteins and morphine have demonstrated activation of inflammatory signaling 

involving the generation of reactive oxygen species (ROS), calcium release, endoplasmic 

reticulum (ER) stress, dysregulated autophagy as well as activation of pattern recognition 

receptor signaling (Chivero et al. 2017; El-Hage et al. 2008; Lapierre et al. 2018; Mahajan et 

al. 2017; Rodriguez et al. 2017; Youn et al. 2017). In addition, emerging literature also 

suggests that opioids impact cognitive functioning and outcomes in HIV-infected 

individuals, thereby underscoring their contribution to the pathogenesis of HAND (Altice et 

al. 2011; Byrd et al. 2011; Chen et al. 2020; Dutta and Roy 2012; Fiellin et al. 2011; Hauser 

et al. 2012; Pirastu et al. 2006). The present review provides insights into the role of opioids 

in HIV-1 immunopathogenesis.

Role of morphine in the peripheral immunopathogenesis

In addition to their pain management potential, opioids can also modulate both the innate 

and acquired immune responses. Opioids have been traditionally known to be 

immunosuppressive; however, several recent reports have demonstrated immune activation 

by opioids involving multiple signaling pathways and mechanisms. In the following section, 

we focus on the role of morphine in peripheral immunopathogenesis.

Effects of morphine on T-cells—Morphine is a well-known, clinically used potent 

analgesic for alleviating pain. Despite its utility for pain management, several studies have 

demonstrated the immunosuppressive potential of opioids, including morphine and its 

derivatives, that could result in comorbid side-effects when used for pain management, 

especially in people with a compromised immune system such as those with cancer or 

infected with HIV-1. Opioid-mediated immunosuppression contributes to increased 

prevalence of diseases since the increased prevalence of opportunistic infections such as 

tuberculosis, HIV-1 infection, and pneumonia have been observed in chronic opioid abusers 

(Roy et al. 2006; Sacerdote 2006). Acute exposure of morphine has also been shown to play 

a role in selective differentiation of T-cells into T helper (Th)-2 cells via μ-opioid receptor 

signaling, both in vitro and in vivo (Han et al. 2020; Li et al. 2012). Several studies have 

demonstrated that chronic morphine exposure inhibits transcription of interleukin (IL)-2 in 

T-lymphocytes by inhibiting the transcription of the c-fos gene (Roy et al. 1997) and by 

modulating the cyclic adenosine monophosphate (cAMP) response element-binding 

transcription factors (Wang et al. 2007b). Similarly, in human naïve T cells, suppression of 

IL-2 was observed via the upregulation of cAMP, through modulation of IL-2 transactivators 

such as AP1, NFAT, and NF-κB (Borner et al. 2009). However, contradictory reports have 

demonstrated morphine-mediated downregulated expression of IL4 mRNA and protein 

(Borner et al. 2013). Morphine exposure was also shown to increase IL4 promoter activity in 

Jurkat T cells. Chronic exposure of morphine increases the binding of transcription factor 

NFAT to a DNA response element, resulting in the activation of T-cells with the concomitant 

production of cytokines (Roy et al. 2001; Wang et al. 2002). In another study, it was 

demonstrated that chronic morphine administration in rhesus macaques resulted in increased 

T-cell numbers expressing characteristic gut-homing cell surface markers (CD161 and 

CCR6) and, this was coupled with increased susceptibility to HIV-1 infection (Roy et al. 

2011). Several reports have demonstrated that morphine-mediated induction of cAMP 

production leads to inhibition of cytokine expression in human Th1 cells (Borner et al. 
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2009), resulting in the production of IL-4. This involves multiple mechanisms such as 

interferon (IFN)-γ (Roy et al. 2001; Wang et al. 2002), GATA-3/T-bet switch (Roy et al. 

2011), and Fas/Fas ligand-dependent activation-induced cell death of the Th1 cells 

(Greeneltch et al. 2005).

Effects of morphine on B-cells—Although limited studies have reported the effects of 

morphine on B-cells, some interesting studies have shown that administration of morphine 

pellet for 5 days resulted in a reduction of antibody-producing cells in the spleens of mice 

(Bhargava et al. 1994; Bussiere et al. 1992; Lefkowitz and Chiang 1975). It has also been 

demonstrated that these effects of morphine in B-cells were reversible in cells administered 

macrophage-derived proinflammatory cytokines such as IL-1β, 1L-6, or IFN-γ (Bussiere et 

al. 1993). Interestingly, it has been observed that morphine mediated decrease in the 

functioning of macrophages and polymorphonuclear leukocytes regulates activation and 

proliferation of B-cells (Rojavin et al. 1993; Weber et al. 1987). Overall, these studies 

indicate that morphine exerts immunosuppressive effects on B-cells.

Effects of morphine on natural killer cells—Similar to T and B cells, morphine is 

also shown to suppress the activity of natural killer (NK) cells (Saurer et al. 2006a). For 

example, a single administration of morphine into the periaqueductal grey region of the rat 

brain was shown to inhibit NK cell activity in spleen cells ex vivo. Injection of morphine 

into the rat hypothalamus, arcuate nucleus, medial amygdala, medial thalamus, and dorsal 

hippocampus, however, elicited no effect on NK cell activity, indicating thereby the unique 

effect of morphine injection in the periaqueductal grey region in modulating morphine-

induced immune responses (Weber and Pert 1989). Lower doses of morphine, on the other 

hand, had the opposite effect. NK cells from chronic morphine users, however, failed to 

demonstrate any immunosuppression compared with opioid-naïve subjects (Tabellini et al. 

2014). In healthy individuals, on the other hand, chronic morphine exposure has been shown 

to suppress NK cell activity (Yeager et al. 1995). In animal models of the pig, small acute 

doses of morphine prevented neoplastic transformations and viral infections by stimulating 

NK cell activity, and this was reversed by naltrexone (Borman et al. 2009). In macaques, 

however, chronic morphine administration exerted minimal alterations in the number of NK 

cells (Brown et al. 2012).

Effects of morphine on macrophages—It has also been reported that acute morphine 

impairs Toll-like receptor (TLR)-9-mediated NF-κB signaling, collectively leading to 

diminished bacterial clearance in mice during the early stages of Streptococcus pneumoniae 
infection (Wang et al. 2008). There have also been reports suggesting that chronic morphine 

administration in mice resulted in a shift in macrophage phenotype from an M1 to an M2 

type, involving the cyclooxygenase-2-dependent mechanism (Godai et al. 2014). Acute 

morphine has also been shown to induce macrophage apoptosis by inhibiting inducible nitric 

oxide synthase and by promoting p53 as well as Bcl-2-associated X proteins, and the 

inhibitor for IL-converting enzyme-1 blocked these effects (Singhal et al. 1998). Chronic 

exposure of human blood monocyte-derived macrophages infected with HIV-1 to morphine 

(10 nM for 24 h) was shown to inhibit the expression of IFNs and IFN-inducible genes 

significantly with concomitant induction of negative regulators of the IFN signaling pathway 
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(Wang et al. 2012). In a model of carcinoma, exposure of morphine up to 48 h was shown to 

modulate tumor angiogenesis by regulating macrophage protease production as well as M2 

polarization in the tumor microenvironment (Khabbazi et al. 2015).

Effects of morphine on neutrophils—Neutrophils are one of the most critical 

phagocytic cells of the innate immune system. Studies have shown that opiates inhibit the 

bactericidal function of neutrophils while also reducing the ability of neutrophils to produce 

superoxide in response to the Escherichia coli metabolite, N-formyl methionyl leucyl 

phenylalanine (FMLP), resulting in reduced bacterial clearance (Sharp et al. 1985; Simpkins 

et al. 1986). Several reports have demonstrated the suppressive effects of morphine on 

recruitment and activation of neutrophils during an innate immune response. For example, 

exposure of human blood neutrophils to exogenous morphine (acute) resulted in the 

inhibition of IL-8 production (Glattard et al. 2010), no change in IL-8 receptor expression 

(Yossuck et al. 2008) as well as IL-8-induced chemotaxis (Grimm et al. 1998). Chronic 

opioid administration in murine models has also been shown to inhibit neutrophil migration 

(Clark et al. 2007) and decrease S. pneumoniae mediated production of IL-23/IL-17 in 

macrophages, resulting in delayed/reduced neutrophil migration, culminating, in turn, into 

the onset of severe lung infection and systemic infection (Ma et al. 2010). In a murine 

wound healing model, chronic morphine exposure led to reduced recruitment of neutrophils 

and macrophages at the wound sites likely due to reduced expression of monocyte 

chemotactic protein-1 (Martin et al. 2010). Cancer patients chronically taking morphine for 

pain management demonstrated a significant increase in total white blood cell count, 

neutrophils, and platelets (Karki et al. 2018). In an animal model of Acinetobacter 
baumannii infection, however, chronic morphine was shown to decrease the total number of 

neutrophils, with a decrease in the total number of macrophages, thereby potentiating 

infection (Breslow et al. 2011). Morphine thus modulates the bactericidal ability of 

neutrophils via alteration of white blood cell counts, neutrophil migration, and activity.

Effects of morphine on dendritic cells—Dendritic cells (DCs) play an essential role in 

the adaptive immune responses and are involved in antigen presentation to T-cells 

(Banchereau and Steinman 1998). Chronic morphine exposure has been shown to inhibit the 

production of IL-23 in Streptococcus pneumoniae-infected murine DCs involving the 

MyD88-IRAK1/4-dependent TLR2 and Nod2 signaling pathways. Morphine (chronic)-

mediated inhibition of IL-23 production in S. pneumoniae-infected mice macrophages and 

dendritic cells were shown to involve MyD88-IRAK1/4-dependent TLR2 and Nod2 

signaling pathways (Wang et al. 2011a). In a macaque model of morphine-dependence, 

morphine was shown to inhibit the expansion of myeloid DCs (Cornwell et al. 2016). 

Chronic administration of morphine has also been shown to suppress the maturation of mice 

bone marrow-derived DCs, antigen-presenting abilities, and the ability to activate antigen-

specific CD8+T cells (Chang et al. 2016). In morphine administered mice, there was 

evidence of immunosuppression in bone-marrow monocyte (BMM)-derived DCs, which 

exhibited increased secretion of the anti-inflammatory cytokine, IL-10. Reciprocally, these 

cells also showed reduced expression of the proinflammatory cytokines IL-6 and tumor 

necrosis factor (TNF)-α. Furthermore, this study also showed that morphine exposure 

resulted in inhibition of DC-mediated anti-tumor immunity (Chang et al. 2016). In another 
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report, intestinal sections from sepsis patients on opioids demonstrated increased expression 

of IL-17A. It can thus be envisioned that neutralization of IL-17A could be developed as an 

effective therapeutic strategy to manage gram-positive sepsis in patients on an opioid 

regimen (Meng et al. 2015a).

Effects of morphine on mast cells—Morphine exposure has been shown to induce 

selective immunosuppression in the peritoneal cavity in the mast cell-deficient as well as 

mast cell reconstituted mice (C57BL6/J) following chronic morphine exposure (Madera-

Salcedo et al. 2011). In this study, morphine administration also inhibited the release of 

TNF-α following LPS challenge, an effect that was speculated to be mediated by its direct 

effect on resident peritoneal mast cells via negative crosstalk between opioid receptor and 

TLR4 signaling pathways (Madera-Salcedo et al. 2011). Furthermore, it was also shown that 

depending on the strains (CBA and Swiss) of mice, low dose morphine (5 mg/kg of body 

weight) attenuated pain in both the strains. In comparison, a high dose (20 mg/kg of body 

weight) inhibited the intraperitoneal accumulation of murine exudative leukocytes in Swiss 

mice but not in CBA mice (Plytycz and Natorska 2002; Stankiewicz et al. 2004). The 

difference in the outcomes between the mice strains was attributed to the release of 

histamine by the peritoneal mast cells (Stankiewicz et al. 2004). Mast cells have also been 

shown to play a role in morphine-mediated gut permeability and by facilitating pathogens to 

cross the gut barrier. Mucosal exposure of ilia to the microbial product, FMLP was 

associated with increased permeability to dextran 4400, which was ablated by acute 

morphine exposure, thereby underscoring the effects of morphine on mast cell-mediated 

mucosal permeability (Harari et al. 2006). In bone marrow-derived mast cells, it has been 

shown that activation of both μ and δ opioid receptors following morphine exposure 

suppressed TLR4-mediated release of TNF following LPS stimulation (Madera-Salcedo et 

al. 2013). In a tumor model, chronic morphine exposure has been shown to result in 

increased tumor angiogenesis, peri-tumoural lymphangiogenesis, mast cell activation, and 

increased generation of cytokines and Substance P (Nguyen et al. 2014).

Morphine withdrawal-induced immune suppression—Morphine withdrawal in 

mice has been associated with splenic plaque-forming cells and suppressed splenic cytokine 

production in macrophages (Rahim et al. 2002). There are other reports indicating that 

abrupt morphine withdrawal results in a range of changes including decreased splenic 

cytotoxic T cell activity, in vitro (Kelschenbach et al. 2008), B cell proliferation and IL-2 

production in mice (Bhargava et al. 1994), suppressed splenic T cell proliferation, decreased 

IFN-γ production, increased serum TNFα levels in rats (West et al. 1999), activation of a 

population of suppressor macrophages and B cells, as well as decreased IFN-γ suppressed 

macrophage function in mice (Rahim et al. 2005). Morphine withdrawal in mice following 3 

days of morphine injection was shown to result in decreased expression of IFN-γ - the Th1 

signature cytokine, and increased expression of the Th2 cytokine, IL-4. Additionally, it was 

also observed that morphine withdrawal in mice induced Th2 differentiation involving the 

transcription factors Stat-6 and GATA-3. It was also shown that following withdrawal, the 

expression of the Th1-polarizing cytokine IL-12 was significantly downregulated, thereby 

supporting the notion that morphine induces Th2 differentiation which, in turn, generates an 

innate immune response, which, in turn, direct subsequent adaptive Th1/Th2 responses in 
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these mice (Kelschenbach et al. 2005). Other studies have shown that morphine withdrawal 

leads to reduced binding of NF-κB, AP-1, and C/EBP to their consensus binding sequences 

in the IL-12 p40 promoter, thereby downregulating the expression of IL-12p40. This effect 

was shown to be abrogated in μ-opioid receptor knockout mice, thus underscoring the role of 

opioid receptor pathway in this process (Das et al. 2011). These studies thus demonstrate 

that morphine is immunosuppressive in the periphery, irrespective of whether the exposure is 

acute or chronic. Further studies are warranted to tease out specific unique effects of acute 

vs. chronic exposure of morphine.

Morphine impacts viral neuropathogenesis via modulation of the immune responses

Drug abuse is a significant comorbidity of HIV-1 infection and often leads to increased 

disease severity and complications (Norman and Kumar 2006). It has been well-documented 

that chronic opioid use directly correlates with HIV-1 infection and disease progression 

(Chang and Connaghan 2012; Nath 2002; Roy et al. 2011). Non-human primates have been 

the gold standard model in the field for studying HIV/SIV infection and the comorbidity of 

opioid abuse. In an earlier study, it has been reported that morphine exposure failed to 

exhibit any significant effect on viremia, CSF viral titers, or survival in SIV- infected Indian 

rhesus macaques (Marcario et al. 2008). Additionally, in this study, it was also shown that in 

the presence of morphine, there were increased white matter tract lesions in the brain 

compared with those in the SIV-infected animals administered saline, which primarily 

developed gray matter encephalitis. Morphine, on the other hand, had a significant effect on 

the immunopathogenesis of SIV infection, as evidenced by inhibition of ELISPOT responses 

against the virus (Marcario et al. 2008). Several reports suggest that abused drugs including 

opioids in combination with HIV-1 synergize to enhance viral load, immunodeficiency, 

neuronal dysfunction and neuronal degeneration (Nath et al. 2000; Nath et al. 2002; Wang et 

al. 2005). Acute morphine exposure also inhibited the non-cytotoxic, anti-HIV-1 activity of 

CD8+ T cells in HIV-1 latently infected cells (promonocytic (U1) and T (J1.1 and 1G5) cell 

lines), suggesting that morphine suppresses the host immune system, in turn, leading to 

enhanced HIV-1 infection and pathogenesis (Wang et al. 2005). In chronic morphine-

dependent, SIV-infected rhesus macaques, it was demonstrated that morphine exposure 

potentiated both the plasma and CSF viral loads compared with the infected, saline-

administered animals. Furthermore, morphine-dependent, SIV infected macaques also 

shown a trend of increased influx of infected monocyte/macrophages and increased virus 

build-up in the brain compared with infected animals administered saline (Bokhari et al. 

2011). Using a mathematical model that incorporates experimentally observed effects of 

morphine on HIV-1 co-receptor expression, Vaidhya et al. (2016) reported that morphine 

enhances virus replication rate, maintaining a higher steady-state viral load and also 

inducing a significant drop in CD4 counts (Vaidya et al. 2016). Morphine exposure was also 

shown to potentiate viral load in plasma as well as in CSF of male Indian rhesus macaques 

infected with a mixture of SHIV(KU), SHIV(89.6)P, and SIV/17E-Fr (Kumar et al. 2006). 

This study also suggested that morphine enhanced viral migration through the BBB, and 

induced cellular and humoral immune responses in the infected macaques (Kumar et al. 

2006). Other research findings have also demonstrated that morphine dependence increased 

rapid disease progression in the non-human primate model of AIDS, and this was 
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accompanied by decreased virus evolution in SHIV/SIV-infected rhesus macaques (Rivera-

Amill et al. 2010; Tirado and Kumar 2006).

Morphine impacts viral pathogenesis via modulation of host factors

Administration of opioids and activation of their receptors has been reported to alter immune 

functions while also upregulating the expression of HIV-1 entry co-receptors such as the 

chemokine receptors CCR5 and CXCR4, that promote HIV-1 replication and impact disease 

progression (Steele et al. 2003). There have been reports on the diminution of virus-specific 

neutralizing antibodies critical for enhancing viral clearance in SIV-infected, morphine-

dependent macaques. In this study, morphine exposure was shown to increase the severity of 

viral infection, decrease viral clearance, increase the viral load, and increase the loss of 

CD4+ T cells (Mutua et al. 2019). It has also been demonstrated that HIV-1 Tat alone or in 

combination with morphine significantly accelerated glial activation in the striatum of wild 

type mice compared to C-C motif chemokine ligand 2 (CCL2) knockout mice (El-Hage et 

al. 2006a). These results thus suggested that CCR2 contributed significantly to the activation 

of macrophages and glia, an effect observed in the brains of HIV-1 infected individuals with 

and without a history of drug abuse. In another study, Meng et al. (2015) explored the role of 

opioids in the gastrointestinal tract and found that administration of opioids in mice resulted 

in changes in gastrointestinal motility, barriers functions, and gut bacterial homeostasis 

leading, in turn, to increased bacterial translocation and activation of the immune system, 

ultimately accelerating HIV-1 associated complications of the gastrointestinal tract (Meng et 

al. 2015b). The molecular mechanism(s) underlying morphine-mediated modulation of host 

factor(s) and the associated immune responses, however, needs to be explored further to 

understand better the effects of morphine on HIV-1 infection, pathogenesis, and 

development of HAND. Research in this area is warranted to gain further insights into the 

effects of drugs of abuse on host immune responses in the context of HIV-1 infection.

Morphine alters viral pathogenesis via modulating host cell signaling

Binding of opioids to their cognate receptors, localized on several peripheral as well as brain 

cells, results in the activation of various intracellular signaling pathways. Opiates such as 

morphine promote HIV-1 pathogenesis via a decrease in BBB integrity, increasing glial cell 

activation, and promoting neuronal damage (Dalvi et al. 2016; Dutta and Roy 2012; Gonek 

et al. 2018; Masvekar et al. 2014; Rodriguez et al. 2017). Below we describe specific cell 

signaling pathways mediated by opioids and/or HIV-1/HIV-1 proteins in distinct cell types. 

Although several studies are extant in the field, more work is warranted to assess the specific 

pharmacological targets of cellular signaling and to find potent pharmacological 

interventions that could modulate these signaling targets.

Macrophages/monocytes—In the context of HIV-1 infection, opioid exposure induces 

the expression of both cytokines and chemokines, in turn, increasing the trafficking of 

myeloid cells into the brain and thus contributing high viral load in CNS compartment (Dave 

2012; Guo et al. 2002; Hollenbach et al. 2014; Suzuki et al. 2002; Wang et al. 2012). In 

monocyte-derived macrophages (MDMs), morphine (10 μM for 24 h) has been shown to 

potentiate HIV-1 viral replication at 5-, 10-, and 15-days post-infection by increasing the 

expression of galectin-1 and increasing the stabilization of HIV-1 onto MDMs (Reynolds et 
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al. 2012). Intriguingly, concomitant incubation of morphine (10 μM for 24 h) with 

recombinant galectin-1 (2 μM for 30 min) prior to infection had a synergistic effect on the 

levels of p24 antigen in MDMs at 5-, 10- and 15-days post-infection. In another study, it was 

demonstrated that in HIV-infected human MDMs acute (0.1 μM for 24 h) as well as chronic 

(21 days) morphine exposure induced inflammatory responses with increased release of 

cytokines such as IL6 and MCP-2, without significantly affecting viral replication (Dave 

2012). Several studies have shown that exposure of macrophages and microglia to morphine 

upregulates the expression of CCR5, an HIV-1 co-receptor, leading to potentiation of HIV-1 

infection/replication and thus to enhanced neuroinflammation (El-Hage et al. 2013; Guo et 

al. 2002; Kim et al. 2018; Li et al. 2003). Another study also demonstrated that exposure of 

human blood MDMs to morphine (10 nM for 24 h) suppressed the critical regulators of IFN-

signaling pathway, including IFN-inducible genes, cytokine signaling protein, protein 

inhibitors of activated STAT while also suppressing the expression of interferons (Wang et 

al. 2012). This, in turn, promoted HIV-1 Bal/SIV Delta (B670) infection and replication. In 

another study, it has been reported that exposure of neonatal MDMs to morphine (10 nM for 

24 h) resulted in increased HIV-1 replication involving the upregulation of CCR5 receptor 

and inhibition of β-chemokine expression. Morphine thus can act as a contributing factor for 

perinatal HIV-1 transmission and infection (Li et al. 2003).

Microglia and Astrocytes—Several lines of evidence have demonstrated increased glial 

activation and enhanced neuroinflammation in a chronically-infected cohort of HIV+ 

patients with a history of opiate abuse (Anderson et al. 2003; Kim et al. 2018; Liu et al. 

2016). Ample evidence also suggests that in glial cells, morphine-mediated potentiation of 

the neurodegenerative effects of HIV-1 Tat protein involves activation of μ-opioid receptors 

(Kim et al. 2018; Zou et al. 2011). A study by Turchan-Cholewo et al. (2009) reported that 

both morphine (500 nM for 24 h) and HIV-1 Tat (50 ng/mL for 24 h) synergistically increase 

the production of ROS and oxidative stress in N9 murine microglial cells, leading to 

increased release of proinflammatory cytokines such as TNFα, IL6, and the chemokine, 

MCP-1 by these cells (Turchan-Cholewo et al. 2009). Another study by the same group has 

also shown that in N9 murine microglial cells, morphine (500 nM for 24 h) exposure 

decreased the surface expression of μ-opioid receptors (MOR) expression in microglia but 

not in astrocyte. Exposure of cells to HIV-1 Tat (50 ng/ml for 24 h), however, did not affect 

the expression levels of MOR. Interestingly, combined exposure of morphine and HIV-1 Tat 

increased both the surface expression of MOR as well as their intracellular levels. 

Furthermore, HIV-1 Tat in the presence of morphine resulted in increased receptor synthesis 

but did not interfere with the internalization and/or trafficking of MORs (Turchan-Cholewo 

et al. 2008). In addition to its synergy with HIV-1 Tat, opiates have also been shown to 

cooperate with HIV-1 glycoprotein (gp) 120 to induce the generation of oxidative stress in 

human microglial cells, resulting in the dysregulation of the cell cycle in these cells 

(Samikkannu et al. 2015). There have been reports demonstrating the role of TLRs in 

morphine-mediated potentiation of HIV-1 neuropathogenesis, which was found to be 

associated with increased expression of proinflammatory cytokines such as IL-6 and TNF-α 
(Dutta et al. 2012; Wang et al. 2011a). In another report, it has been documented that 

morphine impaired the autophagy pathway via a beclin1-independent mechanism, resulting 
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in enhanced HIV-1 replication and inflammatory responses in human primary microglial 

cells (El-Hage et al. 2015).

In mouse primary astrocytes, morphine (500 nM for 4 and 12 h) has been shown to time-

dependently exacerbate HIV-1 Tat (100 nM for 4 and 12 h)-mediated induction of 

proinflammatory cyto/chemokines such as, TNFα, IL6, MCP-1, and RANTES via 

convergent effects on intracellular calcium and NFκB trafficking, thereby implicating a 

cooperative synergistic effect of opioids and HIV-1 proteins, which, in turn, could contribute 

to accelerated neuropathogenesis of HIV-1 (El-Hage et al. 2008; El-Hage et al. 2005). In 

human U373 astrocytoma cells, morphine exposure has also been shown to exacerbate the 

neurotoxic effects of HIV-1 gp120 via modulation of the expression of chemokines such as 

CCR3 and CCR5 (Mahajan et al. 2005a; Mahajan et al. 2005b). It has been well-recognized 

that the interaction of HIV-1 Tat (100 nM) and morphine (500 nM for 16 h) increases the 

neurodegenerative effects through μ-opioid receptor signaling in an in vitro co-culture model 

of neurons and glia as well as in doxycycline-inducible HIV-1 Tat transgenic mice 

administered twice-daily injections of morphine intraperitoneally (10 mg/kg) for 5 days (Zou 

et al. 2011). Reports on opiates exacerbating neuroAIDS have implicated increased 

astrocytic expression of μ-opioid receptor signaling, activation of which has been shown to 

trigger the production of chemokines including MCP-1 (a known chemoattractant for 

monocytes), resulting in increased neuroinflammation via promoting microglial activation 

and recruitment of macrophages in the CNS (El-Hage et al. 2006b). It has also been 

demonstrated that in human primary astrocytes, morphine (500 nM) exposure led to 

induction of the ER stress as well as defective autophagy, in turn leading to astrocytosis and 

neuroinflammation via the μ-opioid receptor, in vitro. These findings were also validated in 

the frontal cortex, occipital cortex, cerebellum, and basal ganglia region of chronic morphine 

(21 days with escalating doses from 6 to 12 mg/kg body weight/day) administered rhesus 

macaques (Sil et al. 2018).

Neurons—Although HIV-1 does not infect the neurons directly, soluble neurotoxic viral 

proteins such as HIV-1 Tat and gp120 and/or the host proinflammatory cytokines, 

chemokines, excitotoxins and proteases released from infected cells, can lead to neuronal 

damage, thereby contributing to the development and progression of HAND (Dutta and Roy 

2012; Kovalevich and Langford 2012; Ru and Tang 2017). Morphine has been shown to 

impact the integrity and function of neurons. In an earlier report, it has been demonstrated 

that in exposure of mouse primary hippocampal neurons to morphine (10 μM for 24 h) 

induced synaptic alterations involving ER stress and autophagy pathways, findings 

analogous to the administration of morphine at an initial dose of 10 mg/kg followed by 

ramping the dose by 5 mg/kg/d for six consecutive days in mice. The detrimental effects of 

morphine were observed to be reversed by platelet-derived growth factor (PDGF)-BB, a key 

factor implicated in neuroprotection (Cai et al. 2016). Interestingly, morphine (500 nM for 3 

days) also potentiated the neurotoxic effects of supernatants from HIV-1SF162-infected 

differentiated-U937 cells in neurons and glia in mixed co-cultures, thereby affecting the 

ability of neurons to recover from sub-lethal damage of HIV-1 (Masvekar et al. 2014). In 

another study, neuronal cultures exposed to supernatant fluids from HIV-1SF162-infected 

THP-1 cells in the presence of morphine (500 nM for 3 days) demonstrated neuronal injury 
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that could be prevented by GSK3β inhibitors, such as valproate, SB415286 or GSK-3β 
inhibitor XXVI (Masvekar et al. 2015). It has also been reported that morphine (100 nM for 

24 h) potentiates HIV-1 Tat (100 ng/mL) induced apoptosis in human neuronal cells, and this 

involves activation of the c-Jun N-terminal kinase (JNK)/extracellular signal-regulated 

kinase-1/2 (ERK1/2) pathway (Malik et al. 2011). Furthermore, pretreatment of human 

neuronal cells with a growth factor, PDGF-BB, was shown to prevent neuronal toxicity 

mediated by morphine and HIV-1 Tat (Malik et al. 2011). In another report, the exposure of 

mouse primary striatal neurons with a combination of HIV-1 Tat (50 nM) and morphine (500 

nM for 10 min) resulted in enhanced synaptodendritic injury involving an increased influx of 

sodium and calcium as well as mitochondrial instability (Fitting et al. 2014). Interestingly, 

we have also reported that exposure of rat primary astrocytes, as well as A172 human 

astrocytoma cell line to morphine (10 μM for 24 h) and HIV-1 Tat (200 ng/mL), increased 

the release of exosomes enriched with miR-29b, which, in turn, could be taken up the 

neurons, resulting in increased neuronal apoptosis involving downregulation of the miR-29b 

target, PDGF-B. These findings were also validated in vivo in morphine-dependent SIV-

infected macaques (Hu et al. 2012).

Morphine alters epigenetic profiles of the host and viral genome:

In the context of HIV-1, abused drugs such as opioids can induce epigenetic modifications 

on the viral promotor as well as the host chromatin, thereby promoting HIV-1 viral infection, 

replication, and disease progression (Shirazi et al. 2013). Several studies have demonstrated 

the effect of drug of abuse-mediated epigenetic modifications such as histone modifications, 

DNA methylation, and non-coding RNAs in maintaining tight regulation of HIV-1 

integration and latency while also enhancing HIV-1 infection and replication (Bushman et al. 

2005; Chandel et al. 2015; Desplats et al. 2014; Kauder et al. 2009; Tyagi et al. 2016; Tyagi 

et al. 2010; Wang et al. 2007a). It is well-known that the HIV-1 genome integrates into the 

host cell genome in the intronic regions. The specific integration of the HIV-1 genome is 

known to be facilitated either by host cellular components such as non-coding RNAs, and 

DNA methyltransferases or by viral factors including cellular gene analogs, and nucleosome 

proteins that define the overall chromatin structure in the long terminal repeat (LTR) regions 

(Maricato et al. 2015; Vandegraaff et al. 2006; Verdin 1991; Verdin et al. 1993; Wang et al. 

2009; Wang et al. 2011b). Epigenetic regulation of the nucleosome (Nuc-0 and Nuc-1) 

proteins play a significant role in the integration and replication of the HIV-1 genome in the 

host (Jordan et al. 2001; Verdin et al. 1993). In addition to the nucleosome regulation, 

changes in the miRNA expression have also been reported to affect HIV-1 replication and 

pathogenesis (Tahamtan et al. 2016). Furthermore, in monocytes, activation of the opioid 

system has been shown to inhibit the expression of miRNAs, including miRNA-28, 125b, 

150, and 382, that target 3′-UTR of HIV-1 transcripts, thus increasing the susceptibility of 

these cells to HIV-1 infection (Wang et al. 2011b). The molecular mechanism(s) underlying 

morphine-mediated epigenetic modifications and their role in HIV-1 infection, integration, 

and replication, as well as exacerbation of HIV-1 mediated neuropathogenesis, have not been 

studied in detail. Further research in these realms will pave a way to bridge a major gap in 

the fields of opiates abuse and HIV-1/AIDS biology and will set a stage for the future 

development of new therapeutic approaches aimed at targeting epigenetic players underlying 

HIV-1 neuropathogenesis.
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Effects of morphine on the neuropathogenesis of SIV/SHIV-infected non-human primates:

Opioids modulate the immune system either directly via opioid receptors located on immune 

cells or indirectly via opioid receptors in the CNS. Chronic morphine exposure affects both 

arms of the immune system. Activation of μ-opioid receptors on macrophages results in 

inhibition of phagocytosis (Szabo et al. 1993; Tomei and Renaud 1997) and increased nitric 

oxide production (Fecho et al. 1994); while on CD4+ T cells it leads to inhibition of Th1 

cytokines, IL-2 and IFN-γ, and potentiation of Th2 cytokines, IL-4 and IL-5, ultimately 

biasing the cells towards a Th2 pathway (Roy et al. 2005; Roy et al. 2004). Morphine can 

also upregulate the expression of the CCR5 receptor on neutrophils as well as monocytes/

macrophages (Miyagi et al. 2000; Suzuki et al. 2002). While the effects of morphine on the 

immune system have been reported extensively (Miyagi et al. 2000; Roy et al. 2005; Roy et 

al. 2004; Suzuki et al. 2002), the effects of morphine on the interactions between the virus 

(either HIV-1 or SIV infection) and the immune system and the progression of the disease 

are still controversial. It has been shown that morphine downregulates the splenic NK cell 

activity in rats administered a single high dose of morphine, that crosses the BBB. 

Interestingly, N-methylmorphine, which does not cross the BBB, had no effect on peripheral 

NK cell activity, thus indicating that the immunosuppressive effect of morphine (Shavit et al. 

1986; Shavit et al. 1987). In the rat splenic cells, morphine exposure mediated suppression 

of NK cell activity involved opioid receptors in the periaqueductal gray matter of the 

mesencephalon, but not in the other brain regions (Weber and Pert 1989). Morphine-

mediated suppression of NK cell activity is mediated via the α-adrenoreceptor stimulated 

circuits (Carr et al. 1994), nicotinic receptors (Mellon and Bayer 2001), innervation of the 

sympathetic nervous system (Felten and Olschowka 1987), neurotransmitter Y (Saurer et al. 

2006b), and Fas signaling (Yin et al. 1999). Morphine can thus directly inhibit NK cell 

activity irrespective of its acute or chronic exposure.

Morphine is a well-known immunosuppressant; however, there is limited information 

available on the effects of morphine on the pathogenesis of HIV/SIV infection. Numerous in 
vitro and in vivo studies that investigated the effects of opioids in the context of HIV-1 

infection with conflicting findings reported on its effect on disease pathogenesis (Bokhari et 

al. 2011; Chuang et al. 1993; Donahoe 2004; Kumar et al. 2006; Kumar et al. 2004; 

Marcario et al. 2008; Suzuki et al. 2002). Several epidemiological studies have also 

demonstrated contrasting findings on the effects of morphine on HIV-1 infection; with some 

reports demonstrating protective effects of opiates on HIV-1 pathogenesis (Spijkerman et al. 

1996) while others are suggesting deleterious effects (Bouwman et al. 1998) and some with 

no effect at all (Thorpe et al. 2004). It must be recognized that these studies are challenging 

owing to the high variability of drug usage patterns, length of use, and multidrug usage, as 

well as differences in nutritional status and access to medical care among individuals 

(Kapadia et al. 2005). Furthermore, most studies rely on self-reported data, which may not 

be accurate. Animal models, therefore, provide a valuable approach to study the effects of 

opiates on viral pathogenesis in a more controlled environment. Many researchers have 

reported the effects of morphine on the pathogenesis of SIV infected rhesus macaques, and 

these findings include: (a) increased virus replication in non-human primates on long-term 

morphine dependence (Bokhari et al. 2011; Chuang et al. 1993; Kumar et al. 2004; Miyagi 

et al. 2000); (b) increased circulating SIV-infected T cells in morphine-administrated 
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macaques (Cornwell et al. 2016); (c) increased plasma and CSF viral load in SIV-infected 

rhesus macaques dependent on morphine (Bokhari et al. 2011); (d) increased virus build-up 

in the brains that is accompanied with the increased influx of infected monocyte/

macrophages in the brains of SIV-infected rhesus macaques that were morphine-dependent 

(Bokhari et al. 2011). There are also reports demonstrating that morphine administration 

inhibited the SIV/SHIV neuropathogenesis (Bouwman et al. 1998; Marcario et al. 2008). 

Controlled studies with constant morphine administration have shown that morphine has a 

trend of potentiating virus replication and neuropathogenesis, leading to increased mortality 

in a subset of macaques compared with the virus alone animals (Bokhari et al. 2011).

Effects of morphine on the blood-brain barrier (BBB)

BBB is a tightly regulated barrier (comprising of endothelial cells, pericytes, and astrocytes) 

separating the peripheral circulation from the CNS, and that maintains homeostasis within 

the CNS (Hawkins and Davis 2005). In vitro exposure of morphine (up to 10 μM for 3 days) 

to human umbilical arterial endothelial cells stimulated cell proliferation via mitogen-

activated protein kinase (Leo et al. 2009). On the other hand, morphine and its metabolite 

morphine-3-glucuronide via TLR4-dependent inflammatory signaling were shown to 

activate cultured CNS endothelial cells lining the BBB in drug-reward areas of the brain, 

leading to modulatory effects in the reward regions of the brain, ultimately contributing to 

opioid-associated reward and addiction (Grace et al. 2014). In another in vitro study using 

human pericytes, it was shown that clinically relevant doses of morphine were shown to 

increase the secretion of PDGF-BB from human umblical vein endothelial cells, thereby 

activating PDGF-β and mitogen-activated protein kinase/extracellular signal-regulated 

kinase phosphorylation (Luk et al. 2012). Complementary to these in vitro findings, 

clinically relevant escalating dose of morphine for 7 weeks promoted tumor angiogenesis by 

increasing the desmin- and PDGFRβ-positive cells in the tumor vasculature of mice, 

suggestive of increased proliferation and/or recruitment of vessel-associated pericytes (Luk 

et al. 2012). The effects of morphine on astrocytes have been discussed in the previous 

section. Studies on gene and protein patterns of transporters and metabolizing enzymes have 

provided information regarding drug entry and metabolism in human endothelial cells 

(Dauchy et al. 2008; Shawahna et al. 2011; Uchida et al. 2011). It has been suggested that 

the transporter protein in endothelial cells, P-glycoprotein, contributes to the development of 

opioid tolerance by active brain-to-blood efflux at the BBB (Mercer and Coop 2011). 

Studies have shown that in rats, inhibition of BBB transporter, such as multidrug resistance-

associated proteins, by probenecid, resulted in reduced clearance via brain efflux of 

morphine (Tunblad et al. 2003). It is of great interest in the effect of opioids on the 

differential expression of BBB proteins that can supply a possible correlation between the 

BBB disruption and the onset of opioid tolerance. Accumulating evidence suggests that 

increased breach of the BBB during opioid withdrawal (Baba et al. 1988; Chaves et al. 2017; 

Sharma and Ali 2006; Sharma et al. 2010). It has also been reported that opiates in 

combination with HIV-1 Tat protein downregulate the expression of tight junction proteins 

such as ZO-1 and Occludins in primary brain microvascular endothelial cells, thereby 

compromising BBB integrity and exacerbating HIV-1 neuropathogenesis (Mahajan et al. 

2008). Detailed investigations are warranted for the future development of novel therapeutics 

aimed at abrogating BBB damage in opiate abusing HIV-1 patients.
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Effects of morphine on HIV-1 viral latency and viral rebound

The reactivation of latent HIV-1 infection by opioids is one of the mechanisms that could 

affect HIV-1 disease pathogenesis in HIV-1 infected drug abusers. Few studies have 

examined the reactivation of HIV-1 in the context of opioids. In a study, Prottengeier et al. 
(2004) found that opioids such as morphine or heroin reactivated HIV-1 in vitro in latently-

infected ACH-2 T lymphoblasts at drug concentrations that were higher than those used for 

analgesic regimens or those found in the plasma of intravenous drug users (Prottengeier et 

al. 2014). In vivo studies examining the reactivation of HIV-1 in animal models of HIV/SIV 

infection with morphine administration are scant.

Conclusions and future perspectives

The literature reviewed here highlights that morphine-mediated suppression of innate and 

adaptive immunity in the periphery plays a crucial role in the pathogenesis of not only 

HIV-1 infection but other viral and bacterial infections as well. Several cellular processes 

such as phagocytosis, autophagy, production of bioactive molecules (chemokines and 

cytokines), and immune activation are modulated by morphine in several cell types, 

including T cells, B cells, NK cells, mast cells, dendritic cells, neutrophils, and myeloid 

cells. In the context of HIV-1 infections, morphine appears to potentiate disease 

pathogenesis involving modulation of innate immune responses such as the interferon 

system, among others. In the CNS, however, most literature we reviewed suggests the 

neuroinflammatory effects of morphine involving alterations in the trafficking of immune 

cells into the brain, increased production of inflammatory mediators, modulation of the 

expression of tight junctional proteins and disruption of the BBB integrity. In particular, the 

neuroinflammatory effects of morphine emanating from microglia and astrocytes have been 

documented to contribute to the ensuing neurotoxicity. Intriguingly, the interactions of 

morphine and the immune system in the context of concurrent pathogenic infections is a 

very complex issue. Collectively, most of the studies we reviewed point to the role of 

morphine being an immunosuppressant in the periphery while being neuroinflammatory in 

the CNS in both rodent and non-human primate models. Seemingly this paradox is not well 

understood, and studies aimed at understanding this dichotomy are warranted, especially in 

human subjects. This complexity is partly because, in most studies, acute or chronic 

exposure to morphine fails to exhibit a uniformity of time points which, in turn, could 

translate into differential effects on inflammation and viral replication, thus making it 

difficult to fully understand the effects of morphine on HIV-1 infection and disease 

progression. Well-controlled studies (time points and drug concentrations) in higher animal 

models are warranted to enhance the comparison of acute versus chronic effects of morphine 

on HIV-1 infection and disease progression. In addition, research aimed at identifying the 

molecular mechanism(s) underlying opioids-mediated epigenetic modifications and their 

role in HIV-1 infection, integration, and replication, as well as exacerbation of HIV-1-

mediated neuropathogenesis are needed to shed more light on the complex interactions of 

morphine and HIV-1 viral infections. A better understating of these areas could provide 

insights into the role of morphine in the pathogenesis of comorbid viral infections and pave 

the way for future therapeutics.
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