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ABSTRACT

Human immunodeficiency virus (HIV) infection was associated with significant alterations in gut microbiota,
which in turn impacts immune function, inflammation, and viral persistence. This review explored the complex
interplay between HIV and gut microbiota, highlighting how dysbiosis can lead to chronic immune activation and
increased inflammation, factors that contribute to the persistence of the virus. This review comprehensively
analised recent literature on gut microbiota composition in HIV-infected subjects, focusing on studies that assess
the relationship between microbial diversity, immune function, and disease progression. The review also
synthesizes findings from various studies that demonstrate shifts in microbial composition among HIV-infected
individuals, correlating these changes with immune parameters such as CD4+ T cell counts and levels of viremia.
Additionally, it discussed potential therapeutic strategies aimed at modulating gut microbiota to improve immune
recovery and reduce inflammation in HIV patients.

Keywords: HIV infection, Gut microbiota dysbiosis, Immune dysfunction, Chronic inflammation, Viral
persistence.

INTRODUCTION

The relationship between HIV and gut microbiota has emerged as a significant area of research, revealing complex
interactions that impact immune function, inflammation, and disease progression [1-37]. The human
gastrointestinal tract is home to a diverse community of microorganisms that play a crucial role in maintaining
immune homeostasis [[4,5]. In individuals living with HIV, alterations in gut microbiota composition often
referred to as dysbiosis have been observed, which can exacerbate immune dysfunction and systemic inflammation
[6,7]. HIV infection leads to a profound depletion of CD4+ T cells, particularly in gut-associated lymphoid tissue,
where approximately 60% of these cells reside [8,97. This depletion disrupts the delicate balance of gut microbiota
and impairs the host's ability to regulate immune responses effectively. As a result, the altered microbiota can
contribute to increased intestinal permeability, allowing microbial translocation into the bloodstream, which
further fuels chronic inflammation and immune activation [10,117]. Recent studies have indicated that the
dysbiotic profiles associated with HIV infection are not merely a consequence of the virus but may also play a
direct role in disease pathogenesis [12,187]. Factors such as lifestyle, diet, and co-infections complicate the
understanding of these interactions, necessitating a nuanced approach to studying the gut microbiome in the
context of HIV [147]. Moreover, the introduction of antiretroviral therapy (ART) has shown mixed eftects on gut
microbiota diversity, highlighting the need for ongoing research to elucidate the mechanisms through which gut
microbiota influence HIV outcomes [15,167. This review aims to provide an overview of the current
understanding of the interplay between HIV and gut microbiota, emphasizing the implications for immune
function, inflammation, and potential therapeutic interventions. By exploring these connections, we can better
comprehend the role of gut microbiota in HIV pathogenesis and identify strategies to mitigate its adverse effects
on health.
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HIV AND IMMUNE DYSREGULATION
HIV infection is characterized by significant immune dysregulation, primarily due to the depletion of CD4+ T
cells, which are crucial for orchestrating immune responses. This dysregulation manifests as a persistent state of
immune activation and inflammation, even in individuals receiving antiretroviral therapy (ART).
Mechanisms of Immune Dysregulation
I CD4+ T Cell Decline: The hallmark of HIV infection is the gradual loss of CD4+ T cells, which
compromises the immune system's ability to respond to infections and malignancies [177]. The extent of
CD4+ T cell depletion correlates with the severity of immune dysfunction and the risk of opportunistic
infections [187].
il. Chronic Inflammation: HIV infection leads to a chronic inflammatory state characterized by elevated

levels of pro-inflammatory cytokines, such as IL-6 and TNF-a. This inflammation persists despite
effective viral suppression with ART, contributing to non-AlDS-related comorbidities, including
cardiovascular disease and metabolic syndrome (19,207

1il. Immune Activation: Persistent immune activation is observed in HIV-infected individuals, even those on
ART [217]. Biomarkers of immune activation, such as CD38 and HLA-DR expression on T cells, are
elevated and have been associated with poor health outcomes. This activation is thought to be driven by
ongoing low-level viral replication, microbial translocation from the gut, and the effects of chronic
inflammation.

iv. B Cell Dysfunction: HIV also induces defects in humoral immunity, characterized by altered B cell
activation and reduced antibody responses. This dysfunction can lead to increased susceptibility to
infections and decreased vaccine efficacy, posing additional challenges for managing health in HIV-
infected individuals [227].

Implications for Health Outcomes
The consequences of immune dysregulation in HIV are profound, leading to increased morbidity and mortality.
Chronic inflammation and immune activation are now recognized as critical factors that contribute to the long-
term health issues faced by people living with HIV. This has shifted the focus of HIV research from merely
controlling viral load to understanding and mitigating the effects of immune dysregulation.
THE ROLE OF GUT MICROBIOTA
The gut microbiota plays a crucial role in maintaining immune homeostasis and influencing systemic immune
responses [237. In HIV-infected individuals, alterations in gut microbiota composition have been observed, often
referred to as dysbiosis. This complex community of microorganisms, residing primarily in the gastrointestinal
tract, interacts dynamically with the host's immune system, contributing to various physiological functions and
disease processes. This dysbiosis is associated with increased intestinal permeability, allowing microbial
translocation into the systemic circulation, which further exacerbates immune activation and inflammation [257.
Dysbiosis and Disease: Alterations in gut microbiota composition, known as dysbiosis, can lead to immune
dysregulation and are associated with various diseases, including autoimmune disorders, inflammatory bowel
disease, and even some cancers [26]. Dysbiosis may result from factors such as antibiotic use, diet, and
environmental changes, which can disrupt the delicate balance of microbial communities and trigger inflammatory
responses [27].
Immune Development and Regulation: Gut microbiota is essential for the development and functional
maturation of the immune system. In germ-free (GF) animal models, the absence of microbiota results in
underdeveloped gut-associated lymphoid tissues and a reduced number of immune cells, highlighting the
microbiota's role in training the immune system. Commensal bacteria promote the differentiation of T helper cells,
regulatory T cells, and [gA-producing B cells, which are vital for both local and systemic immune responses [287].
Mechanisms of Gut Microbiota Influence

I Immune Modulation: Gut microbiota can influence the differentiation and function of various immune
cells, including T cells and dendritic cells [237]. Certain microbial metabolites, such as short-chain fatty
acids (SCFAs), have been shown to promote anti-inflammatory responses, potentially counteracting the
chronic inflammation seen in HIV infection [297.

ii. Inflammatory Cytokine Production: Dysbiosis can lead to increased production of pro-inflammatory
cytokines, such as TNF-a and IL-6, which are implicated in the pathogenesis of HIV. These cytokines
contribute to systemic inflammation and can further impair immune function, creating a vicious cycle that
enhances viral persistence [317].

iil. Antigen Presentation: The gut microbiota influences the ability of antigen-presenting cells (APCs) to
effectively present viral antigens to T cells. Alterations in microbial composition may impair the
activation of CD4+ T cells, leading to ineffective immune responses against HIV [327].
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INFLAMMATION AND VIRAL PERSISTENCE
Inflammation and viral persistence are intricately linked processes that significantly impact the pathogenesis of
chronic viral infections, including HIV. Persistent viral infections are characterized by the virus's ability to evade
host immune responses, leading to sustained viral replication and ongoing inflammation, which can result in tissue
damage and immune dysregulation.
Mechanisms of Viral Persistence: Viruses such as HIV establish persistence through various mechanisms,
including the formation of viral reservoirs in long-lived cells and tissues [3387]. These reservoirs allow the virus to
remain latent or replicate at low levels, continuously stimulating the immune system. In HIV-infected individuals,
even with effective antiretroviral therapy (ART), low-level viral replication can persist, contributing to chronic
immune activation. This ongoing immune stimulation is often marked by elevated levels of inflammatory
cytokines and immune cell activation, which can lead to a cycle of inflammation that exacerbates tissue damage
and hinders effective immune responses 34,35 .
Role of Inflammation: The inflammatory response to persistent viral infections is multifaceted. On one hand,
inflammation is necessary for controlling viral replication and clearing infected cells. However, chronic
inflammation can lead to detrimental effects, including:

L. Immune Exhaustion: Prolonged exposure to viral antigens can result in T cell exhaustion, characterized
by reduced functionality and increased expression of inhibitory receptors such as PD-1. This exhaustion
impairs the immune system's ability to effectively respond to the virus and contributes to viral persistence
[36].

1. Tissue Damage: Persistent inflammation can cause damage to host tissues, as inflammatory cytokines
and immune cells can lead to cellular injury and dysfunction. This is particularly evident in HIV, where
chronic inflammation is associated with increased risk of comorbidities, such as cardiovascular disease and
metabolic disorders [877.

iii. Dysregulated Immune Responses: Chronic inflammation can disrupt the balance of immune responses,
leading to a state of immune dysregulation. This dysregulation can hinder the development of eftective
memory responses, making individuals more susceptible to opportunistic infections and other diseases
[38].

Implications for Treatment: Understanding the relationship between inflammation and viral persistence is
crucial for developing effective therapeutic strategies. Interventions aimed at reducing inflammation, such as the
use of anti-inflammatory agents or immunomodulators, may enhance the immune response and help control viral
replication. Additionally, targeting the viral reservoirs and improving immune function through strategies like
therapeutic vaccines could provide new avenues for managing chronic viral infections [39,407.
GUT-RELATED INFLAMMATION
Gut-related inflammation is a significant concern in various health conditions, particularly due to its role in
chronic diseases and immune dysregulation. This inflammation arises from a complex interplay between the gut
microbiota, dietary factors, infections, and the host's immune response.
Mechanisms of Gut Inflammation

L. Microbial Dysbiosis: The gut microbiota consists of a diverse array of microorganisms that contribute
to immune regulation and metabolic processes [417]. Dysbiosis, characterized by an imbalance in
microbial composition, can trigger inflammatory responses. FFor instance, an increase in pro-inflammatory
bacteria and a decrease in anti-inflammatory species can lead to heightened immune activation and
chronic inflammation, as seen in conditions like inflammatory bowel disease (IBD) and HIV infection
[42].

il. Increased Intestinal Permeability: Inflammation can compromise the integrity of the intestinal barrier,
leading to increased permeability or "leaky gut." This allows microbial products, such as
lipopolysaccharides (LPS), to enter the bloodstream, further stimulating systemic inflammation and
contributing to conditions like metabolic syndrome and cardiovascular diseases [437].

1il. Immune Activation: The presence of pathogens, dietary antigens, or altered microbiota can activate the
immune system, resulting in the release of inflammatory cytokines. These cytokines, such as IL-6 and
TNF-q, play a key role in mediating inflammation and can lead to tissue damage if the inflammatory
response becomes chronic [44,45].

Implications of Gut Inflammation
Chronic gut inflammation is associated with various health issues, including:

i Autoimmune Disorders: Conditions like Crohn's disease and ulcerative colitis are characterized by

persistent gut inflammation, leading to significant morbidity and altered quality of life [467].
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1. Metabolic Disorders: Gut inflammation has been linked to insulin resistance and obesity, as
inflammatory mediators can interfere with metabolic pathways and contribute to systemic inflammation
[47].

iii. HIV and Chronic Inflammation: In HIV-infected individuals, gut dysbiosis and persistent inflammation

are common, even with effective antiretroviral therapy. This chronic inflammation is associated with
increased risk of comorbidities, highlighting the need for strategies to restore gut health and mitigate
inflammation [487.
IMPLICATIONS FOR TREATMENT
The implications for treatment in the context of HIV are multifaceted, focusing on managing the virus effectively
while addressing the challenges of viral persistence and immune dysregulation. Current strategies primarily
revolve around antiretroviral therapy (ART), innovative research toward potential cures, and holistic patient care
approaches [497.
Antiretroviral Therapy (ART): ART remains the cornerstone of HIV treatment, involving a combination of at
least three antiretroviral medications from different classes to suppress viral load and maintain immune function
[50]. Effective ART can reduce HIV to undetectable levels in the blood, significantly improving the quality of life
and longevity for individuals living with HIV [517. Importantly, achieving and maintaining an undetectable viral
load also prevents sexual transmission of the virus, a concept encapsulated in the "Undetectable =
Untransmittable" (U=U) campaign [527]. However, ART does not eradicate the virus, and individuals must adhere
to lifelong treatment to prevent viral rebound upon discontinuation.
Research Towards a Cure: Despite the effectiveness of ART, the search for a functional or complete cure for HIV
continues. Various strategies are being explored, including:
i.  Latency-Reversing Agents (Kick and Kill): These aim to activate latent HIV reservoirs, allowing the
immune system to target and eliminate infected cells [537].
il. Gene Therapy: Approaches such as CRISPR are being investigated to edit the genome of infected cells
or enhance the immune response against HIV [547.

iii. Immune-Based Therapies: These strategies focus on boosting the immune system's ability to control or
eliminate HIV without the need for continuous ART [557].
iv. Combination Approaches: The complexity of HIV persistence necessitates a combination of strategies

to effectively target different mechanisms of viral latency and immune dysfunction [567]
Holistic Patient Care: In addition to pharmacological interventions, holistic approaches to patient care are
crucial. Strategies such as patient navigation and care team coordination enhance adherence to treatment, improve
health outcomes, and address social determinants of health. These approaches provide comprehensive support,
ensuring that individuals living with HIV receive the necessary resources and education to manage their health
effectively [57,587.
CONCLUSION
The relationship between HIV and gut microbiota is critical in understanding the mechanisms underlying immune
dysfunction, chronic inflammation, and viral persistence in infected individuals. Dysbiosis, characterized by an
imbalance in microbial composition, has been consistently observed in HIV patients, leading to increased levels of
proinflammatory bacteria and a decrease in beneficial anaerobic species. This shift contributes to systemic
inflammation and immune activation, which are significant factors in HIV disease progression and the persistence
of the virus despite antiretroviral therapy. Emerging therapeutic strategies, such as fecal microbiota
transplantation and targeted probiotics, show promise in restoring gut microbiota balance and mitigating
inflammation. Continued research is essential to elucidate the complex interactions between gut microbiota and
HIV, which could lead to innovative treatment approaches aimed at improving immune function and reducing
inflammation in HIV-infected individuals. Overall, addressing gut microbiota dysbiosis may play a pivotal role in
enhancing the health outcomes of those living with HIV.
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