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People with HIV (PWH), even when well-controlled on antiretroviral therapy (ART), are at an increased risk for cardiovascular disease (CVD) and CVD events including sudden cardiac death and acute myocardial infarction (MI). While PWH may appear virally suppressed in peripheral blood, viral reservoirs persist in gut-associated lymphoid tissue (GALT) and have been shown to be associated with CVD-related morbidity and mortality. Effective treatments exist for CVD in HIV seronegative persons, but there is an unmet clinical need to address CVD in PWH. Novel therapies are needed to target the drivers of CVD in PWH. This literature review focuses on the role of GALT in HIV infection, inflammatory pathways in HIV-related CVD, and novel therapeutics with potential to address this problem.
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INTRODUCTION
Most of the morbidity and mortality amongst persons with HIV (PWH) on antiretroviral therapy (ART) is due to non-AIDS related conditions, including cardiovascular disease (CVD). In a study, CVD was the cause of death in 23 percent of PWH less than 40 years of age, and 20 percent in those who were 50 years of age (Miller et al., 2014). Such evidence has made it increasingly clear that PWH are at a greater risk for experiencing CVD-related events than HIV seronegative persons, and for having a more severe outcome from such events. In fact, PWH are 4.5 times more likely to experience sudden cardiac death (Tseng et al., 2012), 2 times more likely to experience acute myocardial infarction (MI) (Rao et al., 2019), and 1.6 times more likely to have new carotid plaque (Hanna et al., 2015). The presence of HIV establishes CVD risk factors far beyond common external and behavioral ones, such as dietary habits and smoking. Carotid intima-media thickness and carotid plaque is greater in PWH, which can double to triple the likelihood of CVD-related events. Moreover, aortic pulse wave velocity — indicative of arterial stiffness (Schillaci et al., 2008), a precursor of clinical hypertension — was increased in PWH who were on ART (Guadalupe et al., 2003). The objective of this systematic review is to elucidate the relationship between HIV persistence in the gut and development of CVD. Understanding these mechanistic interactions can provide insight into proactive care for PWH and build towards customized therapeutic options to mitigate CVD in PWH by exploiting mechanistic paradigms across the gut and the cardiovascular system.
METHODS
PubMed searches were utilized to complete this review. Key words were searched, including HIV reservoir, gut, HIV persistence, HIV latency, HIV and CVD, and inflammatory markers of HIV. The searches were completed between August of 2022 and December of 2022. The paper was completed in accordance with the PRISMA guidelines for systematic reviews.
The data collected was reviewed by a team of six individuals who worked independently of each other. Data collected included both quantitative and qualitative data collected from preexisting peer reviewed studies and meta-analyses. Papers that discussed CVD were limited to those that also discussed.
HIV, while all HIV papers were included, regardless of if they discussed CVD. Database searches encompassed adult subjects of all sexes and ages but were restricted to studies completed in English. Study limitations include papers that were published over 10 years ago, contained conflicting results, and were geographically limited to mainly the United States. In the presence of conflicting results, both sides were discussed in the paper. These criteria were used throughout the paper, as well as in completion of the table.
INFLAMMATORY BIOMARKERS OF CVD AMONG PWH
Existing research and standard HIV-tracking practices focus on peripheral blood, which contains only 2 to 5 percent of the body’s lymphocytes. In contrast, gut-associated lymphoid tissue (GALT) houses over 80 percent of lymphocytes. Biopsies from intestinal tissues can still be readily collected, further highlighting the need to shift attention toward GALT for monitoring of PWH. Viruses have been found to accumulate in GALT, making it a hotspot for sudden infection, and thus immune activation. Primary HIV-1 infection significantly diminished concentrations of CD4+ and CD4+CD8 T-cell concentrations in GALT but not in peripheral blood. In one study, participants lost 60 percent of their CD4+ T cells of GALT within 3 weeks of infection. These low cellular counts did not rebound following ART with levels remaining lower in GALT compared to peripheral blood (Figure 1). CD4+ T cells vulnerability to HIV infections stems from their expression of CCR5, a receptor to which HIV is reactive. Depleted CD4+ T cell concentration in GALT compared to peripheral blood persisted in asymptomatic PWH. Primary HIV-1 infection also spiked cell proliferation rates in GALT, pointing to the tissue’s relevance in HIV infection. Furthermore, CD4+ T cell levels in peripheral blood returned to normal following viral suppression. This rebound in cellular concentration was not evident in GALT for people with chronic infection, albeit it was evident in people who received ART early in infection (Guadalupe et al., 2003; Mehandru et al., 2006; Costiniuk and Angel, 2012).
[image: Figure 1]FIGURE 1 | The gut as a sanctuary site for ongoing HIV-1 replication in PWH receiving suppressive ART.
Failure of T cell concentration to return in GALT even after peripheral viral suppression is thought to majorly contribute to the existence of a viral reservoir (Chun et al., 2008). Also of possible contribution, though less conclusively, is the ability of ART medications to penetrate GALT. Dolutegravir, an HIV integrase inhibitor given in ART, was found in lower concentrations in rectal tissue than in plasma. This is due to dolutegravir having characteristics that make it not optimally absorbed by GALT, such as a lower molecular weight and log octanol water partition coefficient. Moreover, HIV infection and ART impacts expression of intestinal drug transporters, complicating optimal absorption (Lahiri et al., 2018).
Specifically, the cytokine Interleukin 6 (IL-6) is recognized for its role in regulating the Th17-Treg cells in GALT (Bargieł et al., 2021). IL-6 is an inflammatory marker, that is pathologically stimulated by increased heart rate, through exercise of traumatic incidences (Bargieł et al., 2021). Its disrupted homeostasis often leads to inflammation in CVD. In response to high concentration of IL-6, C-Reactive protein (CRP) is produced (Brown and Bittner, 2008). CRP levels in the plasma exponentially increase following inflammatory events. These levels pose a risk of higher mortality due to CVD and non-CVD incidences (Baker and Duprez, 2010).
Among PWH, elevated levels of D-dimer and fibrinogen have been recognized to increase the risk of mortality (Ridker et al., 2018). Fibrinogen is a glycoprotein that been associated with atherosclerosis and CVD, at elevated levels (Madden et al., 2008; Ridker et al., 2018). Fibrinogen, an acute phase reactant, facilitates platelet aggregation, increases viscosity, and advances smooth muscle proliferation, leading to vascular dysregulation (Madden et al., 2008). D-dimer is a degradation product of a split fibrin, and elevated levels have been associated with higher cardiac mortality, compared to populations that survived (Zhao et al., 2020). These four biomarkers are frequently used to predict CVD incidence or outcome among PWH or associated inflammation.
Immune cell imbalance and GALT
HIV infection has also shown to have an impact on regulatory T cells (Tregs), which maintain the activity of effector lymphocytes, including TH17 cells. However, there is conflicting literature about whether this impact is net positive or negative. Some studies have found Tregs to be helpful in PWH by suppressing chronic inflammation, while others have found them to be harmful by suppressing immune activity during infection. Despite conflicting findings, there is overwhelming support that Treg levels are impacted by viral infection, and that they consequently impact viral pathogenesis. This dysregulation of Tregs has been demonstrated to impact the development of CVD by leading to an increase in atherosclerosis. Atherosclerosis, a disease in which lipids and other fibrous elements accumulate under the endothelial lining of arterial tissue, is a leading cause of CVD (Albany et al., 2019; Lusis, 2000). Impaired Treg function has been associated with the worsening of atherosclerosis (Baardman and Lutgens, 2020), and subsequently an increase in incidence of CVD in PWH.
Research has found elite controllers, or PWH who naturally control their viral replication, to have lower levels of Tregs. Elite controllers also naturally maintain a proper ratio between Tregs and the TH17 cells they suppress (Brandt et al., 2011). The imbalanced ratios of such T cells in PWH without viral control has an impact on the occurrence of leaky gut. Homeostatic T cells, including TH17, are involved in the maintenance of the epithelial barrier. As these cells get depleted during HIV infection, the epithelial barrier becomes less robust. This increases permeability of the barrier, making microbes of the GALT more susceptible to entering circulation. This phenomenon, known as microbial translocation, increases chronic inflammation, decreases proper immune function, and is associated with HIV pathogenesis (Figure 1). As mentioned before, ART does not eliminate the HIV reservoir in the GALT, leaving PWH vulnerable to microbial translocation even after peripheral viral suppression (Zevin et al., 2016).
Immunological biomarkers of CVD events in GALT
T cell activation is triggered by many immunological biomarkers. Interestingly, and regardless of a CVD history, these biomarkers have been shown to predict cardiac related events in PWH. Levels of CRP, IL-6, and D-Dimer are elevated in PWH who develop CVD as opposed to PWH who do not develop CVD. Moreover, the concentrations of these three biomarkers are higher in the plasma of PWH who experience fatal CVD in comparison to PWH who experience nonfatal CVD (Nordell et al., 2014). HIV patients who had high levels of CRP were also at an increased risk of acute myocardial infarction (Triant et al., 2009). Immunological biomarkers are not eradicated through ART for PWH. In women whose HIV had been treated with ART, CD4+ and CD8+ T cell activity remained high. CD4+ and CD8+ T cell activations are more elevated in women with HIV who have carotid lesions compared to women with HIV who do not have these lesions. Furthermore, T cell activation was not higher in women without HIV who had carotid lesions. The presence of carotid lesions was further impacted by immunosenescence of T cells. Immunosenescence is a cellular aging process, and is expedited by HIV infection, even after completion of ART (Kaplan et al., 2011).
INFLAMMATORY PATHWAYS AND TREATMENTS
As discussed, HIV is frequently undetectable in peripheral blood despite viral loads existing throughout the body. Available anti-retroviral therapies (ART), which are the standard of care for PWH, target HIV in peripheral blood cells. Patients with undetectable levels of plasma HIV are still left susceptible to non-AIDS comorbidities, such as CVD. Gut reservoirs of HIV infection result in chronic inflammation for PWH. This inflammation is indicated by elevated levels of inflammatory markers and markers of endothelial dysfunction and hypercoagulability, including but not limited to IL-6, IFN-a/b, IL-1a/b, TNF-a, CRP, D-dimer (Hsue and Waters, 2018; Duprez et al., 2012; Subramanya et al., 2019). Activation of the Jak-STAT pathway, which is both reported during initial HIV infection and associated with HIV persistence, has been shown to increase levels of inflammation throughout the body (Reece et al., 2021; Marconi et al., 2022; de Armas et al., 2021; Bovolenta et al., 1999; Cecile et al., 2022).
While there are effective treatment options available to treat CVD in HIV seronegative individuals, there is a clear unmet clinical need for therapies that target the underlying drivers of CVD in PWH (Table 1). Colchicine, lamivudine, and atorvastatin are commonly prescribed to target inflammation. Our group has found that colchicine does have some utility in reducing pro-inflammatory cytokines. However, it has demonstrated a narrow therapeutic window of safety in vivo and is not FDA approved for use in the United States. Neither Lamivudine nor Atorvastatin have conferred efficacy in inhibiting HIV-induced inflammation despite their abilities to block viral replication. This underscores the fact that neither ART nor statins (common therapeutic intervention for CVD) can mitigate harmful inflammation in PWH (Titanji B. et al., 2021; Gavegnano et al., 2017). It is imperative to recognize that the 2015 Randomized Trial to Prevent Vascular Events in HIV (REPRIEVE) found a significant reduction in cardiovascular events in PWH. Study participants were randomized to receive 4 mg of pitavastatin or a placebo daily during their enrollment that ranged between three to 8 years (clinicaltrials.gov NCT02344290). While there are therapeutics that are effective in reducing CVD, including statins, novel therapeutics are needed to target the elevated inflammation levels among PWH.
TABLE 1 | Holistic analysis of agents and novel therapeutics.
[image: Table 1]Agents that inhibit the Jak-STAT pathway can address this unmet clinical need for safe, potent, and specific inhibitors of chronic inflammation in ART-peripherally suppressed PWH. Such an agent could prevent CVD and other end-organ diseases, as well as decay the HIV reservoir found in the gut and brain. Baricitinib is a promising candidate. A second-generation Janus kinase (Jak) 1/2 inhibitor, the drug works by blocking IFN-a/b, IL-1a/b, TNF-α, CRP, D-dimer, IL-6, IL-7 and IL-15. It is currently FDA approved for the indications of COVID-19, rheumatoid arthritis, and alopecia areata. It is the first and only immunomodulator fully FDA approved for COVID-19 and has monotherapy status. Baricitinib is approved for chronic long-term use in both adults and children with once daily dosing and renal clearance. Renal clearance is critically advantageous as drug-drug reactions with hepatically cleared agents (such as ART) are unlikely. Jak inhibitors have been extensively studied by our group in vitro, ex vivo, and in vivo. The safety profile of baricitinib is significantly improved compared to ruxolitinib, a first-generation Jak inhibitor. With improved safety, baricitinib has greater clinical potential in treating the same conditions as ruxolitinib. Our group has demonstrated that ruxolitinib confers significant anti-HIV-1 effects in macrophages and primary CD4+ T cells (Gavegnano et al., 2019; Gavegnano et al., 2014; Haile et al., 2016; Titanji B. K.et al., 2021; Dougados et al., 2017; Emery et al., 2017; Genovese et al., 2016). We have observed that ruxolitinib reduces the concentration of cells with integrated HIV-1 DNA, blocks reactivation from latent reservoirs, and reduces bystander cell activation and immune dysfunction (Fleischmann et al., 2017; Taylor et al., 2017; Weinblatt et al., 2016; Saito, 2011; Bansal and Cassagnol, 2023; Titanji et al., 2020).
A multi-site phase 2a study funded by the AIDS Clinical Trials Group (ACTG) conducted in large part by our group, studied the efficacy of ruxolitinib in patients with well-controlled HIV-1 on suppressive ART (A5336; n = 60). Data showed that those randomized to ruxolitinib did not experience more adverse safety events than those in the control group but did demonstrate a significant decrease in key markers of HIV-1 persistence such as CD25, HLA-DR/CD38, and cell survival marker bcl-2 (Taylor et al., 2017).
Baricitinib shows great promise for HIV-1 eradication and therapeutic intervention. Baricitinib has a less toxic side effect profile than ruxolitinib and is dosed only once daily. Emerging data from Phase 3 studies suggest that severe side effects are very uncommon and its existing FDA approval for COVID-19, rheumatoid arthritis, and alopecia areata further underscore the safety profile of the agent (Weinblatt et al., 2016; Saito, 2011; Bansal and Cassagnol, 2023; Titanji et al., 2020; Thaler et al., 2009; Hanif and Anwer, 2023). Baricitinib displays direct-acting antiviral and immunomodulatory effects that target HIV reservoirs. Consequently, the novel drug can likely combat CVD and other HIV-associated comorbidities.
CONCLUSION
Among PWH, there is a greater prevalence of CVD that leads to mortality and related risks. There is an association between HIV persistency in the gut and incidence of CVD. Furthermore, GALT is the recommended form of monitoring CD4+ T cells concentrations in addition to assessing the function of Tregs, as they contextualize the pathology of CVD. This review recommends the incorporation of agents that inhibit the Jak-STAT Pathway, namely, Barcitinib. Improving our understanding of the relationship between the inflammatory pathway in the gut and CVD will help inform the development of novel therapeutics or care options for PWH.
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