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Abstract

:

People living with HIV (PLWH) have an elevated risk of chronic obstructive pulmonary disease (COPD) and are at a higher risk of asthma and worse outcomes. Even though the combination of antiretroviral therapy (cART) has significantly improved the life expectancy of HIV-infected patients, it still shows a higher incidence of COPD in patients as young as 40 years old. Circadian rhythms are endogenous 24 h oscillations that regulate physiological processes, including immune responses. Additionally, they play a significant role in health and diseases by regulating viral replication and its corresponding immune responses. Circadian genes play an essential role in lung pathology, especially in PLWH. The dysregulation of core clock and clock output genes plays an important role in chronic inflammation and aberrant peripheral circadian rhythmicity, particularly in PLWH. In this review, we explained the mechanism underlying circadian clock dysregulation in HIV and its effects on the development and progression of COPD. Furthermore, we discussed potential therapeutic approaches to reset the peripheral molecular clocks and mitigate airway inflammation.
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1. Introduction


Human Immunodeficiency Virus (HIV) is a significant global public health issue, even in the cART era. The World Health Organization (WHO) estimates that around 38.4 million people will live with HIV by the end of 2023, whereas 25.6 million people live in the African region [1]. The CDC HIV care continuum shows that only 53% of PLWH are virally suppressed in the United States [2].



Several HIV-associated lung comorbidities are prevalent in PLWH. While AIDS-associated comorbidities such as Pneumocystis infections have declined, non-AIDS comorbidities such as pulmonary arterial hypertension, bacterial pneumonia, and COPD are a significant concern for morbidity and mortality in people living with HIV in the cART era [3].



The mechanisms underlying non-AIDS pulmonary disease in HIV are poorly understood. HIV-infected patients develop COPD, even when they are compensated for smoking. Chronic lung diseases, such as chronic obstructive pulmonary disease and asthma, have a substantial public health burden, primarily COPD, the third leading cause of death globally. The onset of obstructive lung disease in PLWH is almost a decade earlier than in their non-HIV counterparts. Smoking exacerbates COPD, which is a concern as ~60% of people living with HIV are smokers [4]. Hence, respiratory therapies must be developed to treat the increased number of PLWH who manifest COPD [5]. Under this circumstance, it is imperative to understand the pathophysiology underlying the comorbidity of COPD in PLWH to develop a therapeutic approach targeting these underlying mechanisms.



There are multiple hypotheses that propose several explanations for the pathogenesis of COPD in HIV-infected patients. Chronic lung inflammation is a hallmark of COPD, and there are multiple pathways that individually and additively promote lung inflammation in COPD. There is the possibility that these processes could coincide at the same time [4]. Even PLWH on cART show an increased incidence of unrelated AIDS pulmonary complications compared to their non-infected counterparts. Interestingly, HIV and COPD are associated with an increase in CD8+ lymphocytes, which have been shown to play a role in lung inflammation [4]. COPD exacerbations also demonstrate a circadian disruption with increased exacerbations at night (nocturnal desaturation) or early morning hours, possibly due to circadian dysregulation of mucus physiology and lung inflammation [6].



Circadian rhythms are 24 h cycles that are part of the body’s internal clock, which maintains physical, mental, and behavioral changes [7]. The circadian system is composed of a hierarchy of oscillators that functions in different contexts. The circadian clock can be divided into two components: the central clock and the peripheral clock. The central clock is in the suprachiasmatic nucleus (SCN) of the hypothalamus in the brain, which receives and is regulated by light. The peripheral clocks are biological clocks found in organs and tissues. The peripheral clocks control several physiological processes. The hypothalamic suprachiasmatic nucleus (SCN) is considered the “master” clock and serves to synchronize peripheral clocks. However, the peripheral clock can be dysregulated by environmental stimuli and metabolic status. The central and peripheral circadian clocks are both regulated by feedback loops. A reciprocal relationship exists between molecular clock disruption and immune/inflammatory responses [8].



PLWH demonstrated aberrant circadian rhythmicity [9,10], specifically, an alteration in the circadian rhythm of various genes involved in inflammation, oxidative stress, and immune function [11]. Studies have reported that this alteration can contribute to the development and progression of several conditions associated with HIV, such as chronic inflammation [12,13]. There is a link between circadian gene expression and severe lung inflammation, particularly in PLWH. Circadian genes constitute the core clock genes such as BMAL1, CLOCK, PER, and CRY, and clock output genes such as RevERBα, RORA, and CCG [9]. In mammals, the BMLA1: CLOCK activator complex binds to E-box elements on the promoters of circadian-regulated genes, including the expression of clock output genes, REV-ERBs α/β, and negative regulators PER and CRY. Consequently, these genes suppress the expression of BMAL1 and CLOCK, establishing a negative feedback loop through transcription/translation and maintaining the expression of circadian genes. CLOCK acetylates H3 and H4, making the chromatin epigenetically favorable for the transcription of downstream genes. CLOCK also acetylates BMAL1 and PER2 (recruited by Ac-BMAL1). Ac-PER2 recruits SIRT1, which deacetylates histones, PER2, and BMAL1. Consequently, PER2 reverts to the repressive chromatin state. PER2 dissociation leads to the dissociation of SIRT1, and the cycle is repeated [14]. Several recent studies support that the HIV-1 Trans-activator of transcription (Tat) protein affects circadian rhythmicity by interfering with the circadian clock in PLWH and is a possible factor in HIV-mediated COPD [9,15,16]. In this review, we will discuss the role of circadian gene dysregulation in HIV and COPD and identify a possible link between HIV proteins, lung circadian clock dysregulation, and lung inflammation. We will further discuss possible therapeutic strategies to reset the lung circadian clock to mitigate lung inflammation in HIV-associated COPD.




2. Spectrum of HIV-Mediated Lungs Complications


PLWH demonstrate significant lung comorbidities. Chronic inflammation, aberrant immune activation and regulation, endothelial dysfunction, oxidative stress, and pulmonary systemic dysbiosis mediate COPD development. Refs. [17,18,19] report that lung inflammation is a hallmark of COPD, as shown in Figure 1. HIV infection can cause significant changes in pulmonary immune function, which can lead to increased susceptibility to respiratory infections and other lung diseases [20]. HIV can profoundly affect innate and adaptive immune responses in the lungs. Innate immunity involves the recognition of pathogen-associated molecular patterns, which activate many cells along with a wide range of pro-inflammatory pathways. HIV can affect various aspects of the innate immune system in the lung, ranging from the airway epithelium and surfactant proteins to alveolar macrophages, dendritic cells, and natural killer cells. HIV can infect bronchial epithelial cells as these cells express the HIV receptor CD4, C-C chemokine receptor type 5 (CCR5), and C-X-C chemokine receptor type 4 (CXCR-4) [21]. A study by Chinnapaiyan et al., 2017 reported that HIV infection suppresses tracheobronchial mucociliary clearance and may predispose HIV-infected patients to recurrent lung infections, pneumonia, and chronic bronchitis [22]. Studies have demonstrated that HIV can significantly affect both the bronchial and alveolar epithelium, and could represent a mechanism by which HIV infection renders individuals susceptible to lung injury [23].



HIV also targets the adaptive immune system in the lungs through chronic immune activation and immune suppression, as well as reduced proliferative and cytotoxic capacity. These effects lead to the progressive loss of T cell functionality, including a decreased cytokine response to antigenic stimulation and B cell activation, resulting in the impairment of long-term serologic immunity [24].



2.1. Chronic Obstructive Pulmonary Disease (COPD)


Cigarette smoking exacerbates the development and progression of COPD [25]. This is concerning because a significant number of PLWH are smokers [26,27]. Additionally, HIV infection has been associated with accelerated emphysema and airway obstruction.



Several studies examined the respiratory symptoms and pulmonary function in HIV patients treated with cART [28,29,30]. The frequency of respiratory symptoms and airway obstruction was associated with age, smoking history, and pneumonia in 31% of participants. The mechanism by which HIV leads to chronic lung inflammation is still not completely understood. Data from various retrospective studies have shown that PLWH have a higher risk of COPD and potentially worse asthma outcomes than the non-infected population [31]. More recently, study groups have used different non-invasive lung assessment tests to determine lung function, such as the single-breath diffusing capacity of carbon monoxide (DlCO), fractional exhaled nitric oxide (FeNO), and lung structure determination using chest computed tomography (CT) [32,33].



The DLCO assessments confirmed that PLWH have diminished gas exchange efficiency compared to HIV-negative controls [33]. FeNO-based studies also reported that PLWH have increased Th2 inflammation in the lungs [33]. Interestingly, CT chest studies also showed that PLWH are at a higher risk of structural lung tissue destruction, even among non-smokers [33]. Recently, Besutti and colleagues from Modena/Italy performed a single-center study comparing 145 non-smoker PLWH to 75 matched controls [34]. The study reported that PLWH had a four-fold higher risk of emphysema than non-HIV-infected subjects. An ongoing clinical study analyzing the microbiome and TH17-mediated inflammation in PLWH in Uganda (NCT05223114) has demonstrated that PLWH who also had COPD were significantly enriched in specific microbes, with the microbiome dependent more on HIV than on COPD. These studies suggest that HIV may promote a unique airway microbiome that drives inflammation and COPD development/progression genera among PLWH.




2.2. Asthma


Asthma is another obstructive lung disease that is prevalent in PLWH. Bronchial hyperresponsiveness (BHR) is a classic feature of asthma. People with HIV have an increased incidence of respiratory symptoms, elevated IgE levels, more response to bronchoprovocation, and a higher incidence of asthma than seronegative controls. A study of 1202 HIV-positive youth found that asthma incidence increased significantly from 2008 to 2014 compared to 2004–2007 [35]. In a study of HIV-positive adults, ~10–20% had been told by their doctor that they had asthma. Another report suggested that in Uganda, asthma was higher in PLWH. In people without HIV, HIV interacts synergistically with other known asthma risk factors [36]. A study by Barton JA et al., 2016 performed a cross-sectional study of 121 HIV-infected individuals with asthma phenotype for pulmonary function testing and chest CT scans to measure airway wall thickness, adipose tissue volumes, and biomarkers [37]. The study reported that airway wall thickness, as measured on a CT scan, is associated with subcutaneous adipose volume, lower peripheral adiponectin, an anti-inflammatory adipokine, and a higher level of CRP in PLWH.



The exact mechanism by which HIV influences asthma’s development or its clinical course remains uncertain. Several reports have suggested that ART use is associated with an increased risk of asthma [38,39]. In contrast, chemokines released by CD8+ T cells and HIV suppressive factors are associated with a greater risk [40]. These chemokines have been associated with asthma-related airway inflammation in the HIV-negative population, suggesting that chronic HIV infection may stimulate an immune response that could contribute to asthma pathogenesis [41]. HIV-seropositive individuals with BHR had significantly increased positive skin testing and elevated serum IgE levels compared to those without BHR [42]. This suggests a potential correlation between respiratory symptoms, IgE levels, and BHR in people with HIV infection, which is consistent with asthma.




2.3. Pulmonary Hypertension


Infection with HIV increases the risk of pulmonary hypertension. It is a severe and potentially life-threatening condition characterized by elevated blood pressure in the arteries that supply blood to the lungs. There are different types of PH, but one of the most common forms of PH associated with HIV is pulmonary arterial hypertension (PAH). PAH is characterized by the narrowing and stiffening of the pulmonary arteries, which increases pressure in the lungs. The exact mechanism underlying HIV-mediated PAH is still unknown. HIV proteins, including envelope glycoprotein-120, HIV Env, and Transactivator of transcription (Tat), can damage endothelial cells and cause inflammation, resulting in pulmonary vascular remodeling [43,44]. Studies have reported that HIV-1 Nef, a broad-spectrum adaptor protein, may affect HIV-infected and un-infected pulmonary vascular cells [45]. In addition, HIV infection causes chronic inflammation and immune activation, which can damage blood vessels in the lungs and contribute to the development of pulmonary hypertension.




2.4. Lung Cancer


People living with HIV are more likely to develop lung cancer than the general population [46,47]. The increased risk is related to several factors, including higher smoking rates, chronic inflammation, and immune dysfunction [47]. Smoking is a significant risk factor for lung cancer, and people living with HIV have been shown to have higher rates of smoking than the general population. Another study found that HIV-positive individuals with a low CD4 count, indicating more advanced immune suppression, had a higher risk of lung cancer than those with a higher CD4 count. Hleyhel et al. found that HIV-infected persons who did not recover their CD4 count to at least 500 cells/mm3 were at risk of lung cancer [48].





3. Molecular Clock Gene Involvement in Pulmonary Complications


The circadian clock in the lungs is critical for optimizing the organization of cellular functions and responses to environmental stimuli. Any significant change in the pattern of circadian genes, known as circadian disruption, can affect downstream gene expression and could be implicated in chronic diseases. Rhythms of clock genes have been reported in the lungs, which include bronchial epithelial cells. Studies have reported that healthy individuals usually have a strong daily pattern in their lung function, showing the highest levels around noon (12.00 h) and the lowest levels in the early morning (04.00 h). This increase in lung function during the early morning can overlap with exacerbations of COPD/asthma in susceptible individuals [49]. Numerous studies have shown the role of clock dysfunction in pulmonary physiology and pathology, particularly in response to pro-inflammatory cytokine mediators such as CS. COPD is generally characterized by alveolar epithelial injury and persistent airway inflammation. Patients with obstructive airway disease, including COPD, develop severe exacerbations, specifically at night and in the early morning hours when lung function is at its lowest [50]. The effect of the virus-induced COPD exacerbations on clock function in the lungs remains unclear. Nevertheless, there is a link between the circadian clock and the decline in lung function [51,52]. Circadian rhythms are intrinsic biological oscillations with a period near 24 h driven in mammals by the circadian timing system. Light stimulation serves as zeitgebers (timing cues) to the brain’s suprachiasmatic nucleus (SCN), which is the central pacemaker synchronizing peripheral clocks. Circadian rhythms are generated due to the actions of an inter-regulated system of circadian transcription factors called clock genes [53]. The circadian clock is cell autonomous, and a “transcription-translation” feedback loop controls its operation. Bmal1 and Clock are the two principal transcription factors that drive this complex molecular clock in mammals. The Bmal1: clock activator complex regulates the expression of the period (Per1-3) and cryptochrome (Cry1-2) genes [54,55,56]. After translation, Per and Cry form heterodimers that are phosphorylated and translocated back to the nucleus, where they repress their transcription by blocking the activity of the Bmal1: Clock complex. Bmal1: Clock and the Per and Cry complex are broadly involved in negative feedback regulation. Interestingly, the nuclear receptors REV-ERBα/β, RORα, and CCG regulate the transcription of clock genes and other target genes maintaining the circadian expression [57].



Studies have reported that, in the lungs of mice with chronic CS exposure, the expression of Bmal1, REV-ERBα (Nr1d1), and Per1 decreased, and the express process of Per1 and Per2 may also change. Moreover, clinical studies have found a decrease in the number of Bmal1 in COPD patients’ lungs. It is believed that such dysfunction partially results from the clock’s transcription regulated by acetylated and degraded Bmal1 and Per2. Several studies have indicated that Sirtuin 1 (SIRT1), a metabolic NAD+-dependent protein/histone deacetylase that regulates proinflammatory mediators by deacetylating histone and non-histone proteins, is a master regulator associated with the lungs of smokers with COPD. Under normal conditions, SIRT1 affects clock function by binding to the CLOCK: BMAL1 complex and deacetylating BMAL and PER2 proteins [58,59]. Recently, Li. et al., 2022 reported a comparative in vitro study to understand the role of circadian protein BMAL1 and CLOCK in plasma samples of non-smokers, smokers, and patients with COPD [60]. The study reported several observations. First, lower Bmal1 and Clock expression was observed in the plasma of patients with COPD; second, cigarette smoke exposure (CSE) caused the inhibition of Bmal1/Clock expression; and third, CSE increased the expression of cell senescence in human bronchial epithelial cells by interfering with MAPK pathways. Another study by Sundar et al., 2017 showed a significant reduction in REV-ERBα in small airway epithelial cells taken from patients with COPD [61]. Studies from animal models highlight the extent to which these molecular clocks are essential, which regulate the fundamental aspects of immune-inflammatory responses [62,63]. Recent evidence suggests that the molecular clock is responsible for regulating fundamental aspects of the immune-inflammatory responses such as Toll-like receptor 9 (TLR9) signaling and repressing chemokine (C-C motif) ligand 2 (CCL2) expression [64,65]. The clock protein and nuclear heme receptor REV-ERBα attenuate the activation of the IL-6 receptor [66]. In addition, it has been reported that REV-ERBα binds with nuclear factor Kappa beta (NF-κB) and promotes oxidative stress and inflammation [67,68].



Similarly, a study by Chen HC et al., 2021 showed altered expression of circadian clock genes in patients with bronchial asthma and downregulated PER3 in patients with nocturnal symptoms [69]. In asthmatic patients, the expressions of BMAL1, CKlε, CLOCK, CRY1, CRY2, and PER1 were significantly lower in the patients with nocturnal symptoms than in those without nocturnal symptoms. The binary logistic regression confirmed the association of BMAL1, CKlε, PER3, and TIM as independent risk factors for bronchial asthma.




4. Pathogenesis of HIV and Circadian Disruption


According to the CDC-HIV care continuum, a very low percentage of PLWH are virally suppressed in the United States; as a result, many PLWH will have replicating viruses [2]. The cART can only suppress HIV but does not eradicate it due to the existence of latently infected anatomical reservoirs [70,71]. Replication persists in these reservoirs despite suppressive cART [72,73]. The lungs are anatomical reservoirs of HIV [74,75,76], with alveolar macrophages, intrapulmonary lymphocytes [75,76], and even bronchial epithelial cells serving as reservoirs [22,77,78,79,80]. Several studies have reported that HIV can cause lung damage and inflammation that may contribute to the development of COPD. The risk of COPD is exceptionally high in people with HIV who smoke or have a history of AIDS-related infections. The pathogenesis of lung-related co-morbidities in people living with HIV is still not fully understood. Still, it is believed to involve a complex interplay of factors, including chronic inflammation, immune dysfunction, and environmental exposure. Some evidence suggests that circadian disruption may play a role in the pathogenesis of COPD and other lung-related co-morbidities in people living with HIV.



A recent study has demonstrated that the “silent majority” of the HIV reservoir is transcriptionally active [81,82], providing a source of HIV proteins such as Tat in the airway. Malone et al., 1992 first reported that PLWH show a circadian pattern of progressive loss of CD4+ T lymphocytes between morning and evening [83]. Previous studies have demonstrated a correlation between the concentration of Tat protein in HIV patients’ blood, patients’ sleep quality, and melatonin concentration. Wang T. et al., 2014 found that the sleep quality of patients with HIV/AIDS was affected by an altered circadian rhythm which correlates with the cerebrospinal HIV Tat Protein concentration [9]. Likewise, Lee et al., 2015 investigated the relationship between circadian gene polymorphism and sleep patterns in adults with HIV [84]. These results show that specific polymorphisms in circadian regulation genes, such as CLOCK, CRY1, PER1, PER2, and PER3 are associated with sleep disruption and duration, circadian phase, and rhythm in PLWH. This study extends the evidence that genetic factors may regulate sleep patterns in individuals with HIV.



HIV infection depends on the activated state of CD4+ T cells, as the virus cannot replicate in resting T cells. T-cell activation enhances viral transcription by activating various transcription factors, especially the nuclear factor kB (NF-κB). NF-κB is a critical regulator of HIV transcription and a master mediator of HIV escape from latency. HIV inhibits the activation of NF-κB, which is involved in regulating various immune responses. Under normal conditions, SIRT1, an NAD+-dependent protein acetylase, controls the transcriptional activity of the NF-κB complex by deacetylating lysine 310 in p65 of NF-κB. Upon HIV infection, HIV Tat directly interacts with the deacetylase domain of SIRT1 and blocks the ability of SIRT1 to deacetylate lysine 310 in the p65 subunit of NF-κB [85]. As a result, NF-κB loses its anti-apoptotic function and immune cell hyperactivation is observed in HIV-infected individuals. Clark JP et al., 2005 first reported the impact of HIV Tat on circadian rhythms in the body [15]. The results showed that Tat alters circadian rhythms through the light entrainment pathway, suggesting that Tat may disrupt the normal regulation of circadian rhythms in PLWH.



Kwon HS et al., 2008 showed that HIV Tat directly interacts with the SIRT1 and blocks the deacetylase domain of SIRT1. Given that SIRT1 deacetylation of NF-kβ is involved in suppressing NF-κβ regulation, this results in the hyperactivation of NF-κβ responsive genes and contributes to immune cell hyperactivation in HIV-infected individuals (Figure 2). SIRT1 is the master regulator of the circadian clock due to its ability to drive the deacetylation of Per2 and BMAL1 [14]. In HIV-infected patients, HIV Tat suppresses SIRT1 through an unknown mechanism, increasing Ac-BMAL1 and Ac-PER2. As a result, it disrupts the lung molecular clock and, consequently, increases inflammation. Recently, a study by Bordoni V et al., 2020 investigated the expression of the Per2 gene in hematopoietic progenitor cells in individuals with chronic infection [86]. The results showed that Per2 gene expression was upregulated in these cells during chronic HIV infection due to the downregulation of deacetylase SIRT1.




5. Aberrant microRNAome Mediated Dysregulation of Clock Genes in HIV-Mediated COPD


miRNAs are small non-coding RNA (20–22 nucleotides) molecules that regulate gene expression by binding to mRNA (messenger RNA) and preventing protein translation or degradation [87]. Most miRNAs are transcribed from DNA sequences into primary miRNAs (pri-miRNAs) and processed into precursor (pre-miRNAs) and mature miRNAs. miRNAs also fundamentally mediate biological mechanisms that regulate mRNA expression post-transcriptionally, affecting cellular events, including metabolism, growth, cell differentiation, development, apoptosis, inflammation, and cell signaling [88]. Since the complementary base sequences between miRNAs and their target mRNA are somewhat redundant, a single miRNA can simultaneously regulate tens to hundreds of genes. The human genome has been reported to encode nearly 1917 annotated hairpin precursors and 2654 mature sequences [89]. miRNAs have been shown to regulate the expression of up to 60% of mammalian and 90% of human protein-coding genes [90,91]. As miRNAs are only partially complementary to their target mRNAs, each miRNA is estimated to be capable of regulating the expression of up to 200 genes [92,93].



Numerous diseases, including lung disease and solid and hematological cancers, have been linked to the pathophysiology of miRNA dysregulation. Interestingly, recent studies have suggested that miRNAs may be involved in the pathogenesis of HIV-mediated COPD. miRNAs play a key role in modulating gene expression, and it is evidenced that numerous miRNAs are involved in the pathology of COPD [94]. Comparable to non-infectious conditions, miRNAs affect host and virus interaction in various ways. HIV-1 mainly infects human CD4+ T cells by recognizing the CD4+ receptor on the cell surface. HIV-1 replication within the host cell is regulated by various host factors, including miRNAs, which may target viral mRNA directly to regulate the expression of host proteins that HIV-1 hijacks for its replication [95]. In addition, miRNAs are linked with a possible susceptibility to HIV infection in monocytes and macrophages. Furthermore, the viral genome may produce virally encoded miRNAs that modulate viral RNAs and cellular mRNAs.



Circadian genes provide instructions for producing proteins that affect the regulation of the body’s daily rhythms, also known as the circadian clock. Examples of circadian genes are Clock, Bmal, Per1, Per2, Cry1, and Cry2 [96]. It is well-documented that circadian rhythms can lead to oxidative stress, inflammation, and other cellular processes contributing to COPD [97]. These circadian genes regulate miRNAs or are regulated by miRNAs using different molecular mechanisms and factors. miRNAs play a crucial role in repressing mRNA translation or penetrating the mRNA of the gene of interest and have been demonstrated to be involved in the regulation of clock gene expression in angiogenesis [98].



An earlier study by Cheng HY et al. first reported that two brain-specific miRNAs, miR-219 and miR-132, play a critical role in modulating the circadian complex CLOCK/BMAL1 in the suprachiasmatic nucleus [99]. According to Shende et al., miR-142-3p and miR-494 precisely target the Bmal1 gene and regulate circadian expression in the suprachiasmatic nuclei (SCN) [100,101]. Studies have demonstrated that miR-142-3p is crucial for the negative feedback regulation of the molecular clock, along with the suppression of BMAL1 and SIRT1 genes by miR-142-3p and miR-142-5p, respectively [102,103]. CLOCK regulates miR-142 expression, which exhibits circadian rhythmicity by binding upstream of the miR-142 E-box region [30,31]. As a result, miR-142 acts as a core clock-controlled miRNA. Studies have already reported that miR-142 is upregulated in HIV and SIVE encephalitis [103]. Similarly, HIV Tat up-regulated the expression of miR-34a-5p and decreased the SIRT1 protein expression [104]. It has been shown that several microRNAs specifically target the PER genes of the molecular clock. It is well established that miR-34a-5p also targets CRY1, PER1, and PER2 in the molecular clock [105,106,107]. Similar evidence has been found that miR-24 and miR-29b decrease PER2 and PER3, respectively [108,109]. Although, till now, there is no report regarding the upregulation of miR-24 and miR-29b during HIV infection. Evidence shows that PER gene inhibition shortens the circadian period and alters the circadian cycle.



The miR-17-92 cluster is widely expressed in endothelial cells, and miR-92a, in particular, is thought to play a role in angiogenesis by targeting the mRNAs of proangiogenic proteins such as integrin a5 [110]. It has been found that miR-92a expression increases 5- to 10-fold in CD34+ cells, and this miR-92a potentially regulates the clock gene Per2 [111]. It has also been demonstrated that miR-17-5p directly controls the CLOCK gene [112]. Interestingly, reciprocal regulation is found in that the CLOCK protein binds to the miR-17 promoter region directly and activates the expression of miR-17-5p, which then binds to the 3’ UTR of CLOCK and downregulates its expression [112]. However, a study conducted by Triboulet R et al., 2007 reported the downregulation of the miR-17-92 cluster upon HIV infection [113].



A microRNA cluster called the miRNA-192/194 cluster, discovered by the research group of Nagel et al., 2009, directly controls the core elements of the circadian clock [114]. Using a target-based screening approach, they showed that the endogenously expressed miR-192/194 cluster acts as a prospective regulator and inhibitor of the whole Period gene family (PER1, PER2, and PER3). The target sites for miR-192/miR-194 are radially available on the 3′-UTR of all PER genes. In a study conducted by Na et al., 2009 it was observed that miR-181d and miR-191 exhibited an inversely correlated circadian rhythm in the mouse liver [115]. Another study by Witwer KW et al., 2012 reported the upregulation of miR-181b/d upon HIV infection [116].




6. Discussion


Previous reports have shown that cigarette smoke and COPD are associated with decreased SIRT1 and other clock genes as a consequence of chronic lung inflammation.



HIV reservoirs in the lungs express HIV proteins such as Tat despite the suppressive cART-promoting expression of pro-inflammatory cytokines due to NK-κβ activation. NF-κβ activation is a consequence of Tat-mediated SIRT1 suppression, leading to a loss of deacetylation of NF-κβ subunits p65 and p53, consequently leading to increased secretion of proinflammatory cytokines.



However, the underlying pathophysiological mechanism by which HIV Tat disrupts the circadian clock, ultimately promoting chronic lung inflammation, remains unknown. Recent evidence suggests that non-coding RNA, specifically microRNAs, are essential for regulating circadian genes [107,117,118,119,120,121]. A few studies also revealed that miR-142-5p and miR-34a-5p play an essential role in the regulation of the molecular clock by modulating the expression of SIRT1 [103,122], whereas miR-142-3p can control the regulation of BMAL1 [100,102]. Given that HIV Tat dysregulates multiple microRNAs, including miR-142-5p [123], future research should focus on the roles of post-transcriptional gene silencing by microRNAs as intermediates in clock dysregulation in smokers and PLWH.




7. Conclusions


The Circadian clock regulates gene expression in response to the body’s internal circadian rhythm, which governs the daily rhythmic changes in physiological processes. In PLWH, it is thought that dysregulation of the circadian clock may play an important role in COPD pathogenesis. Lung diseases such as COPD have become more prevalent in PLWH despite suppressive cART. This review provides a first peak at the role of circadian gene dysregulation in HIV and COPD. It identifies a possible link between HIV proteins, lung circadian clock dysregulation, and lung inflammation. Understanding this mechanism will help us to develop therapeutic strategies to reset the lung circadian clock to mitigate lung inflammation in HIV-associated COPD.
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Figure 1. Potential mechanisms of antiretroviral-mediated lung damage in HIV. 
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Figure 2. Interplay between SIRT1 and Circadian gene disruption by HIV Tat in the lungs. 
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