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Abstract
Despite antiretroviral therapy (ART) effectively suppressing viral replication and reducing transmission 
risk, human immunodeficiency virus (HIV) infection still sustains cycles of chronic inflammation, immune 
dysfunction, and dysbiosis of microbiota, driving barrier disruption, microbial translocation, and systemic 
inflammation. These pathological states accelerate cluster of differentiation 4+ (CD4+) T cell depletion, 
contribute to viral persistence, and exacerbate the risk of death caused by complications. Current 
microbiome interventions, such as prebiotics and fecal microbiota transplantations (FMTs), exhibit limited 
efficacy in regulating HIV infection-associated chronic inflammation, immune dysfunction, and dysbiosis of 
microbiota due to transient colonization and poor pathogen specificity. Bacteriophages (phages), which are 
viruses that precisely target bacteria, represent a promising alternative to ameliorate these intervention 
deficiencies and to optimize microbiome modulation, especially in HIV patients. Their precise host range 
and genetic tractability enable targeted modulation of pathogenic, commensal, and pathobiontic 
microbiota, which in turn enhances immunity against imbalanced microbiome-associated diseases. In this 
review, we explored phage therapy’s potential to disrupt HIV-associated pathologies affecting the host 
microbiome. We elucidated the mechanisms by which phage therapy targeted dysbiotic bacteria in HIV and 
reviewed the supporting preclinical and early clinical evidence for its role in preventing acquisition, 
enhancing viral clearance, restoring immunity, and managing comorbidities. Finally, we analyzed the 
challenges in translating phage therapy into clinical practice, which mainly include phage selection, 
regulatory frameworks, and delivery systems, and evaluated potential solutions to address these 
challenges. Collectively, our review emphasized how phage therapy can bring a paradigm shift in HIV 
management, where integrating microbiome-immune crosstalk with virology and synthetic biology may 
enable a functional cure within the next decade.
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Introduction
Human immunodeficiency virus/Acquired Immunodeficiency Syndrome (HIV/AIDS) remains a major 
challenge for global public health. According to the World Health Organization (WHO) and the Joint United 
Nations Programme on HIV/AIDS (UNAIDS), there were an estimated 40.8 million people living with HIV 
(PLWH) at the end of 2024 [1]. Although interventions such as antiretroviral therapy (ART), HIV pre-
exposure prophylaxis (PrEP), and harm reduction programs have successfully reduced HIV transmission 
rates, PLWH continue to experience chronic inflammation and immune dysfunction. Chronic inflammation 
and immune deficiency in PLWH promote dysbiosis of the gut and lung microbiota, thereby initiating a 
vicious cycle of barrier dysfunction, microbial translocation, and systemic inflammation. This cycle 
exacerbates cluster of differentiation 4+ (CD4+) T cell exhaustion, enhances viral persistence, and disrupts 
commensal microbial communities [2]. These pathological processes contribute to the maintenance of 
latent HIV reservoirs and increase the burden of clinical comorbidities. Despite advances in treatment, HIV 
transmission continues to remain a substantial global health challenge.

Microbiota intervention measures for PLWH mainly include prebiotics [3], fecal microbiota 
transplantation (FMT) [4], and short-chain fatty acid (SCFA) administration [5]. However, these measures 
have limited efficacy, poor durability, and poor pathogen targeting. Considering these limitations, we 
propose shifting research attention to bacteriophage (phage) therapy, an emerging and highly targeted 
antimicrobial approach [6]. By enabling the precise recognition and lysis of specific bacteria, phage therapy 
offers a powerful tool for reshaping dysbiotic microbial communities. We have confirmed this in clinical 
studies of phage therapy for multidrug-resistant infections, which demonstrate that precise host 
recognition and lysis by phages can selectively remodel dysbiotic microbial communities [7]. It holds 
considerable promise as a novel strategy for ameliorating chronic inflammation and immune dysfunction in 
PLWH. Multiple evidence show that phage therapy can regulate the balance of the microbiome (reducing 
Prevotella, Streptococcus, etc., and enhancing the abundance of Bacteroides and Lactobacillus) and its 
metabolites [8, 9], which are key regulators of HIV-related pathology [10]. Persistent immune deficiency 
and chronic inflammation of PLWH lead to the imbalance of intestinal flora, forming a vicious cycle of 
“microbiota imbalance-intestinal/lung barrier destruction and pathogen translocation”. This cycle 
accelerates CD4+ T cell exhaustion, promotes viral replication, chronic inflammation, and becomes a key 
driver of ART-related drug-resistant infections and complications. HIV-related chronic inflammation 
severely damages the commensal flora [11], impairs mucosal immunity, and increases the metabolic 
burden in the liver and kidneys [12, 13]. Notably, phage therapy repairs the mucosal barrier, avoids 
microbial translocation, and prevents HIV invasion [14]. It is interesting to note that SCFAs and bile acids 
(BAs) can significantly affect the pathogenesis of HIV by regulating immune cell functions, such as T helper 
17 cell (Th17) [15], regulatory T cell (Treg) differentiation, pro-inflammatory/anti-inflammatory balance 
[16], and dendritic cells [17] (Figure 1). As phages have been shown to regulate the balance of the 
microbiome and its lipid metabolism, including SCFAs and BAs, phage therapy is now possible to protect 
the integrity of the intestinal barrier, which helps in regulating immune homeostasis and suppressing 
chronic inflammation.

This review focuses on the therapeutic potential of phages in HIV management, with an emphasis on 
two primary areas: first, the targeting of pathogenic components within the HIV-associated microbiota, and 
second, the clinical applications of phage therapy. These applications are explored across four key domains: 
(i) the prevention of HIV infection, (ii) the inhibition of viral replication, (iii) the treatment of opportunistic 
infections, and (iv) the management of HIV-related complications. Finally, we synthesize the prevailing 
challenges and outline future trajectories for the field. We posit that, over the next decade, a systems-level 
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Figure 1. Phage therapy alleviates mucosal barrier damage, microbial translocation, and chronic inflammation in the 
gut and respiratory tract of HIV infected individuals. (A) Lung microbiota balance: Lung dysbiosis features pathogenic 
biofilm and damage. Lytic phages selectively eliminate these bacteria to restore a healthy microbiota. (B) Gut microbiota 
balance: In HIV, gut dysbiosis with pathobiont overgrowth damages the epithelium. Lytic phages precisely eliminate these 
bacteria to restore a healthy microbiota. (C) Metabolite signaling: Depletion of pathobionts restores microbiota-derived 
immunomodulators (SCFAs and BAs), recovering epithelial tight junctions in gut/lung mucosae and activating regulatory 
pathways (RORγt+ T cells, TORC1) that suppress inflammation. (D) Gut/Lung mucosal restoration: Reconstituted barriers 
reduce microbial translocation, disrupt biofilms, and resolve chronic inflammation. (E) Gut/Lung immune balance: Changes to 
these metabolites consequently increase Treg cell responses and decrease Th17 cell responses. This shift elevates levels of 
the immunoregulatory factors IL-10 and TGF-β while reducing levels of the proinflammatory factors IL-17 and IL-22. Combined 
with weakened DC responses, this cascade inhibits levels of the proinflammatory factors IL-6, IL-8, and TGF-α, which are 
beneficial for reducing inflammation and promoting HIV clearance. HIV: human immunodeficiency virus; SCFAs: short-chain 
fatty acids; BAs: bile acids; DC: dendritic cell; CD4: cluster of differentiation 4; Th17: T helper 17 cell; Treg: regulatory T cell; IL: 
interleukin; INF-γ: interferon-gamma; TGF-β: transforming growth factor-beta. Created in BioRender. He, Z. (2025) https://
BioRender.com/gv2gwnv.

approach integrating phage therapy with microbiome-immune crosstalk, virology, and synthetic biology 
holds significant promise for transforming HIV prevention, treatment, and strategies for achieving a 
functional cure.

Phage therapy modulates gut/lung microbiota in HIV infection
The microbiome, including bacteria, archaea, viruses, fungi, and protists, features a virome rich in phages 
that influence host physiology. HIV infection disrupts mucosal barriers and immune homeostasis, affecting 
the microbiome and virome. Modulating the viral community alters immune function, thereby mitigating 
HIV pathogenesis [18]. Stabilizing the virome or altering phage populations offers a promising strategy to 
restore the mucosal ecosystem, complementing ART.

Phages undergo lytic or lysogenic life cycles. In the lytic cycle, obligately lytic phages adsorb to host 
receptors, inject their genome, and hijack bacterial machinery to replicate and assemble progeny virions. 
Subsequent expression of holin and endolysin proteins disrupts the cytoplasmic membrane and degrades 
peptidoglycan, resulting in lysis and release of infectious progeny [19]. In contrast, temperate phages can 
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integrate into the host genome or persist episomally. Environmental stressors may trigger prophage 
excision and re-entry into the lytic cycle. Due to concerns regarding virulence gene transfer, transduction, 
and horizontal gene transfer, therapeutic phages must be carefully selected to exclude lysogenic, virulence, 
or transduction-related genes [20]. Rigorous genomic screening is essential to ensure safety and prevent 
unintended outcomes in clinical applications [21] (Figure 2).

Figure 2. Phage life cycle and safety. This diagram illustrates the different life cycles of phages (lytic cycle, lysogenic cycle), 
as well as the mechanisms of phages in virulence and transduction (including generalized transduction and specialized 
transduction). The left side depicts the lytic cycle, where phages sequentially undergo attachment, infection, multiplication, 
assembly, and lysis and release. The right part (A) shows the lysogenic cycle, in which phages can integrate with a cell as a 
plasmid (6a) or integrate with the chromosome (6b). (B) Presents the arrangement of the five phage functional modules and the 
location of virulence genes, reflecting the influence of phages on virulence. (C) Shows the transduction process, including 
generalized transduction (8a) and specialized transduction (8b). Created in BioRender. He, Z. (2025) https://BioRender.com/
ez4qqfn.

During phage-bacteria interactions, bacteria deploy a multilayered defense network comprising 
surface modifications [22], restriction-modification systems, and CRISPR-Cas machinery to specifically 
block phage infection. Phage’s co-evolution with bacteria drives microbiome diversity, influences 
community structure, regulates metabolism and immunity, and ultimately shapes human health and 
ecosystem dynamics [23, 24]. Therefore, by exploiting phage-bacterium coevolutionary dynamics, phage 
therapy precisely remodels microbiome architecture to reestablish ecological balance.

The microbiome’s influence on HIV pathogenesis is well-established. If the microbiome is disturbed in 
PLWH, it will lead to HIV-related pathology [25]. Phage therapy corrects HIV-associated dysbiosis by 
selectively remodeling gut and lung microbiota composition and function. In PLWH, enriched bacteria 
exacerbate disease progression through metabolite-mediated dysregulation of host immunity and barrier 
function: Prevotella enrichment leads to a decrease in SCFAs [26] and activation of myeloid dendritic cells 
(mDCs), thereby inducing immune abnormalities. Pseudomonas and Escherichia coli secrete barrier-
disrupting mucolytics (e.g., indole derivatives) that directly promote HIV replication [27]; Desulfovibrio 
releases pro-inflammatory hydrogen sulfide [28]; Acinetobacter-derived lipopolysaccharide (LPS) and α-
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ketoglutarate stimulate interleukin (IL)-8-dependent neutrophil recruitment [29]; and Ruminococcus 
generates barrier-impairing metabolites [30, 31]. These changes initiate a vicious cycle. The initial breach 
of the epithelial barrier permits microbial translocation into systemic circulation, triggering a state of 
chronic immune activation. This persistent activation exhausts the CD4+ T cell compartment and creates a 
favorable environment for robust viral replication. These processes operate synergistically to drive the 
progression of HIV pathogenesis.

At the same time, emerging evidence identifies microbe-derived metabolites (particularly abundant 
colonic SCFAs and BAs) as critical mediators of innate and adaptive immunity [32]. These microbially 
produced/modified compounds mechanistically link dysbiosis to chronic inflammation and immune 
dysfunction in PLWH [33], positioning microbial metabolites as central effectors in disease progression. 
Furthermore, compositional fluctuations within the microbiota—particularly dynamic shifts in translocated 
microorganisms [34]—induce metabolic reprogramming of immune cells characterized by upregulated 
glycolysis/hypoxia-related genes [35] and downregulated mitochondrial function genes [36, 37]. This 
drives early elevation of proinflammatory cytokines, including IL-8 and interferon-gamma-inducible 
protein 10 (IP-10), activates Th17 immune responses, and exacerbates inflammation while paradoxically 
promoting mucosal repair. The subsequent attenuation of this response constitutes a key biological switch 
enabling T-cell homeostasis restoration [15].

Administration of phage cocktail in HIV restored eubiosis through (i) enrichment of SCFA-producing 
taxa (e.g., Bacillota, Bacteroidota) and concomitant SCFAs elevation, (ii) immune reconstitution and 
intestinal/lung barrier integrity via increased SCFAs and BAs, and decreased proinflammatory cytokines. 
Therefore, phage-mediated ecological restoration serves as a novel therapeutic strategy for metabolic 
disorders in HIV management. By reestablishing eubiosis, phage therapy directly targets the ecological 
dysfunction that underlies many HIV-associated comorbidities. These effects reduce susceptibility to 
metabolic diseases, cardiovascular issues, and opportunistic infections. Therefore, the clinical value of 
phage therapy lies in its capacity to translate microbiome modulation into tangible improvements in overall 
health.

Clinical application of phage-regulated microbiota in PLWH
PLWH exhibit elevated incidence of microbiome-associated comorbidities (including dyslipidemia, 
cardiovascular disorders, metabolic diseases, and chronic inflammation) compared to HIV-negative 
individuals. As dominant constituents of the microbiome, phages critically shape the structural and 
functional evolution of microbial communities, with particular significance in HIV pathogenesis. 
Consequently, phage therapy, through precise regulation of the microbiome and systemic immune balance, 
exhibits significant translational potential in HIV prevention, management of HIV-associated comorbidities, 
and control of opportunistic infections (Figure 3). The following sections describe these aspects in detail:

Inhibit HIV evasion by restoring mucosal integrity and improving block efficacy

The U.S. Centers for Disease Control and Prevention (CDC) endorses a combination of highly effective HIV 
prevention strategies. The most effective include treatment as prevention (TasP), where ART suppresses 
viral load in people with HIV, and PrEP for those at risk (highest). Other key strategies include consistent 
condom use and, for some populations, voluntary male medical circumcision (lowest). Despite this 
hierarchy, all approaches face limitations. This prevention gap primarily reflects the dynamics of rectal 
mucosal transmission, which accounts for 66% of new infections among men who have sex with men 
(MSM), a population in which mucosal integrity is easily compromised during viral entry [38, 39]. Other 
challenges include suboptimal PrEP adherence (67% in Africa) and microbiome-dependent drug 
metabolism, which results in reduced efficacy of tenofovir gel in bacterial vaginosis due to drug degradation 
[40].
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Figure 3. Schematic diagram of the application of phage therapy in HIV prevention, HIV-related opportunistic 
infections, and complications. In PLWH, phage therapy prevents HIV infection by repairing the mucosa, bacterial 
translocation, and immune coordination protection. At the same time, it enhances the efficacy of ART drugs, including INSTIs, 
NNRTIs, and PIs, to eliminate HIV and reduce drug toxicity and side effects. Phage therapy can eliminate pathogens by 
targeting specific bacterial flora in common drug-resistant bacterial infections, including vancomycin-resistant Staphylococcus 
aureus, CRE, and MDR-PA. In addition, phage therapy may also be applied to uncommon drug-resistant bacterial infections, 
such as mycobacterial infections, CMV infections, and fungal infections, which target specific bacteria, regulate microbial 
communities, repair mucosal barriers, and reduce chronic inflammation. Phage therapy may also alleviate HIV-related 
complications, neuropsychiatric diseases (neurological diseases, anxiety disorders, and depression), cardiovascular diseases 
(coronary heart disease, atherosclerosis), metabolic diseases (diabetes, obesity, and fatty liver) and other diseases (kidney 
disease, lymphoma, and Kaposiʼs sarcoma), by repairing the mucosal barrier, regulating the microbiota and systemic active or 
auxiliary immune levels, and improving clinical outcomes. HIV: human immunodeficiency virus; PLWH: people living with HIV; 
CRE: Carbapenem-resistant Enterobacteriaceae, MDR-PA: multidrug-resistant Pseudomonas aeruginosa, MRSA: methicillin-
resistant Staphylococcus aureus, INSTI: integrase strand transfer inhibitor, NNRTI: Non-Nucleoside Reverse Transcriptase 
Inhibitor, PI: Protease Inhibitor, TB: tuberculosis, CMV: cytomegalovirus, NAFLD: non-alcoholic fatty liver disease. Created in 
BioRender. He, Z. (2025) https://BioRender.com/zrd067i.

Thus, despite systemic viral suppression, microbiome disturbances increase the risk of HIV infection 
[41] and are an independent predictor of HIV risk. Phage therapy is a precise microbiome regulation 
method that selectively targets pathogens while protecting commensal flora to restore ecological balance, 
repair mucosal barriers, avoid microbial translocation, synergize with and enhance the efficacy of blocking 
drugs, and coordinate the bodyʼs immunity to reduce HIV infection risk. In one approach, encapsulating 
broad-spectrum lytic phages in mucoadhesive nanoparticles [e.g., chitosan or poly(lactic-co-glycolic acid)] 
for vaginal or rectal delivery prolongs mucosal residence and enhances epithelial penetration, thereby 
enabling selective depletion of pathobionts such as Prevotella spp. while preserving beneficial commensals 
[42, 43]. By mitigating dysbiosis and reinforcing mucosal barrier integrity, lytic phage therapy via 
mucoadhesive nanoparticles may reduce HIV susceptibility and offer a novel microbiome-based approach 
to PrEP. This strategy overcomes key therapeutic limitations in disease prevention. Microbiome analysis 
showed that regardless of HIV infection status, the intestinal flora of MSM showed a trend of enrichment of 
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Prevotella and loss of Bacteroidetes. Therefore, in this population, phages can specifically eliminate 
Prevotella, protect the abundance of intestinal Bacteroidetes and Erysipelothrixaceae (including 
Cartinibacterium tricaudatum and Holdermanella dimorphicum), promote T cell activation and homing 
receptor expression [38, 44], maintain microbiome balance, and improve body immunity. HIV-infected 
women also showed a similar pattern of dysbiosis, characterized by reduced dominance of Lactobacillus 
and increased flora diversity, which in turn increased the risk of sexually transmitted infections and 
impaired bioavailability of local antiviral drugs [45]. For example, phages can suppress the abundance of 
anaerobic vaginal pathogens such as Gardnerella, thereby reducing the impact of these microorganisms on 
the effective tissue concentration of tenofovir [40], coordinating blocking drugs to prevent HIV infection. In 
addition, for translocated microorganisms that cause early inflammatory cascades and disrupt mucosal 
repair [15], phage therapy can repair the mucosal barrier, reduce translocated microorganisms, and quench 
the risk of HIV infection. Through this targeted lytic effect, phage intervention can suppress the production 
of specific microbial metabolites, restore intestinal homeostasis, and improve disease outcomes [12].

In addition, engineered phage therapy has shown multifaceted potential in combating viral infection 
and restoring mucosal homeostasis, for example, T7 phage surface display binds HIV fusion inhibitors (e.g., 
Griffith peptide or C34 peptide). These constructs were formulated into mucoadhesive gels, which blocked 
viral entry and achieved in vitro neutralization (IC50 = 0.8 nM). In another study, phage-mediated targeted 
lysis of pathogenic bacteria (such as Prevotella and Pseudomonas) has been shown to repair the integrity of 
the intestinal barrier through a dual mechanism: restoring commensal bacteria that produce SCFAs and 
enhancing the expression of epithelial tight junction proteins [46]. This cascade reaction can reduce 
microbial translocation, plasma soluble cluster of differentiation 14 (sCD14) and LPS levels, thereby 
alleviating systemic inflammatory responses [47]. In addition, phages can achieve synergistic post-
exposure protection by regulating microbial dysbiosis to drive host immune metabolic reprogramming, 
thereby inhibiting early mucosal HIV amplification [15] (Figure 3).

Targeting HIV reservoirs through mucosal barrier repair and immune reconstitution

Phages dramatically shape microbial community composition. Alterations in the intestinal virome following 
HIV infection, including a reduced abundance of Caudovirales, have been linked to increased immune 
activation [48]. Phage therapy aimed at reestablishing virome-bacteria homeostasis may contribute to the 
reduction of chronic systemic inflammation, thus diminishing the immune stimulation that facilitates HIV 
replication and viral persistence [49]. For example, the Lak phages infect bacteria of the genus Prevotella 
and regulate the balance of the microbiota [50]. Dysbiosis is the core pathological feature of HIV infection, 
characterized by an increase in Prevotella, a decrease in Bacteroides and Faecalibacterium, and an abnormal 
expansion of Proteobacteria [51] (Figure 1). Emerging evidence suggests that phage therapy, by 
ameliorating gut dysbiosis, may represent a novel strategy to complement current HIV eradication efforts 
[52]. Phage therapy ameliorates dysbiosis, thereby improving ART efficacy and alleviating chronic 
inflammation through the dual metabolic-immune pathways. Studies have shown that phages can target 
specific microbiota to improve the efficacy of anti-HIV drug treatment. For example, an increased 
abundance of Bifidobacterium was observed in individuals receiving integrase strand transfer inhibitor 
(INSTI) treatment [53]. The targeted reduction of Bifidobacterium abundance by specific phages altered 
lipid metabolism in patients on INSTI regimens. This microbial shift may indirectly inhibit weight gain and 
modulate drug distribution [53]. Furthermore, phages can regulate the gut microbiota to interfere with 
microbial-dependent drug metabolism. This intervention can increase bacterial β-glucuronidase activity 
[54], which disrupts BA metabolism and subsequently impairs the hepatic metabolism of ART drugs like 
tenofovir disoproxil fumarate (TDF). The resulting increase in plasma drug concentrations may enhance the 
efficacy of HIV inhibition [55]. Second, phages have been shown to target microbiota, regulate the probiotic 
flora, repair the immune barrier function, and reduce inflammation. Studies have found that a decrease in 
the abundance of Bacteroidetes leads to insufficient production of SCFAs, such as butyrate, weakens 
intestinal epithelial tight junctions, and promotes the translocation of Gram-negative bacterial LPS (such as 
from Klebsiella) into circulation. Further studies have found that SCFAs deficiency inhibits CD4+ naive T cell 
proliferation, leading to delayed immune reconstitution after ART (the risk of impaired CD4+ T cell recovery 
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increased 2.3 times for every 0.5 unit decrease in the Shannon index of the microbiota). Phage targeting 
specific bacteria, such as Prevotella, can directly affect colonic mDCs, modulate CD40 expression, and inhibit 
mucosal T cell activation. Prevotella abundance is positively correlated with sCD14 levels, a marker of 
microbial translocation.

Increasing evidence has further revealed the intricate cross-kingdom interactions between viruses, 
bacteria, and host immunity that together promote disease progression [56, 57]. The human virome, 
including phages, is considered a key regulator of microbiome ecology and disease pathogenesis, playing an 
important role in type 1 and type 2 diabetes (T2D) and inflammatory bowel disease [57]. In HIV-infected 
individuals, severe immunodeficiency (CD4+ T cells < 200/μL) is associated with elevated levels of 
Anelloviridae, Adenoviridae, and Papillomaviridae viruses, which in turn predict poor immune recovery on 
ART. At the same time, phage communities in HIV infection show highly individualized evolutionary 
trajectories, and the β-diversity of phage communities is closely related to ART drug exposure [58]. The 
virome, including phages, drives systemic inflammatory factors, such as IL-6 and D-dimer, aggravating 
disease progression [59]. In addition, changes in the diversity and composition of translocated microbial 
species can indirectly regulate virome dynamics and CD4+ T cell reconstitution by affecting Th17 cell 
differentiation and mucosal barrier repair [15]. However, research results are conflicting, with some 
studies reporting that intestinal phage communities do not undergo significant changes after HIV infection, 
ART, or CD4+ T cell depletion [48], highlighting the need for further investigation of these complex 
interactions.

Treatment of HIV-associated opportunistic infections using phage therapy
Mycobacterial infection

Phage therapy can directly target mycobacteria and eliminate them, leading to improved clinical outcomes 
[60]. On the other hand, the microbiome, including phages, of HIV-infected patients with Mycobacterium 
tuberculosis (MTB) shows unique changes that vary with tuberculosis (TB) status, HIV infection, and ART. 
Specifically, analysis of the microbiome of different TB sites showed reduced beta diversity in patients with 
bacteriologically confirmed TB compared with non-TB (nTB) controls [61–63]. Although there are some 
inconsistencies in the results of studies on the TB-specific gut microbiome, key changes generally involve 
changes in SCFAs-producing species (e.g. ,  Lachnospiraceae, Ruminococcus, Blautia, Dorea, and 
Faecalibacterium), inflammation-associated species (e.g., Prevotella), and potentially beneficial genera (e.g., 
Bifidobacterium) [64]. This further demonstrates that TB-specific dysbiosis is associated with the 
metabolism of key SCFAs. HIV infection status and ART significantly affect these microbiome characteristics 
and are associated with treatment efficacy [65]. HIV-positive patients with MTB show enrichment of 
Mycobacterium/Bifidobacterium, while ART treatment reduces both genera. Lung involvement is associated 
with enrichment of Mycobacteria and depletion of Streptococci [62]. Phage therapy, as an adjunct to 
antibiotics for the treatment of resistant mycobacterial infections, can reduce antibiotic doses and improve 
their efficacy. Thus, phage therapy offers all these therapeutic benefits with a good safety profile and 
minimal toxicity [60]. Mycobacterium abscessus is a nontuberculous mycobacterium (NTM) with a high 
degree of intrinsic and acquired antibiotic resistance, which severely limits treatment options and has a 
poor prognosis [66]. However, phage therapy cleared a persistent M. abscessus infection in a cystic fibrosis 
patient, allowing for a successful lung transplant [66]. Further studies have confirmed that phage therapy 
has a significant efficacy (> 50%) against mycobacterial infections [60]. Overall, these advances provide 
unprecedented treatment options for serious, previously untreatable mycobacterial infections and lay the 
foundation for future clinical trials.

Cytomegalovirus (CMV)

Since CMV infection is associated with specific changes in the composition of the intestinal flora, including a 
decrease in the Firmicutes to Bacteroidetes abundance ratio [67], phage therapy targets specific intestinal 
flora and regulates the balance of the microbial community, which may improve intestinal flora disorders 
that lead to CMV replication, intestinal mucosal barrier damage, and elevated levels of pro-inflammatory 
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cytokines in the colon, ultimately improving the progression of colitis. Additionally, phage therapy 
promotes intestinal flora symbiosis [68], increases SCFAs production, and improves the relationship 
between Treg/Th17 imbalance caused by CMV [69]. Phage therapy has also been reported to break the 
vicious cycle between CMV and intestinal flora, which may be initiated through type I interferon signaling 
[70, 71]. The interaction between CMV infection and lung flora has been less studied, and the application of 
phage therapy to understand this phenomenon deserves further study.

Fungal infections

Invasive fungal disease (IFD) is a common opportunistic infection and a significant cause of hospitalization 
and mortality in HIV-infected patients [72]. Crucially, the diversity of lung microbiota composition appears 
to predict survival in patients with invasive pulmonary aspergillosis (IPA) [73], suggesting that the 
microbiome plays an important role in fungal infections. When it comes to the microbiome, the public often 
focuses on bacteria and viruses, but they often ignore the fact that the “fungal community” that accounts for 
a certain proportion may also play a key role [74]. During invasive fungal lung infections, phage therapy 
targets bacterial species in the lungs, improving bacterial richness and alpha diversity, as well as the ratio 
of Prevotella to Veillonella; this may improve the prognosis of IPA patients [73]. Furthermore, phage 
therapy mitigates invasive fungal colonization by targeting facilitating bacteria such as Pseudomonas 
aeruginosa, Burkholderia cepacia, and Haemophilus influenzae, thereby limiting their proliferation and 
reducing bacterial burden on the bronchial mucosa in cystic fibrosis patients [75]. Therefore, phages that 
target microbiota modulation have become a promising new approach for antifungal therapy [76]. 
Strategies such as phage therapy and probiotics may alter the composition of the intestinal microbiota by 
directly modulating immune cells or releasing health-promoting metabolites that affect systemic immunity 
[77].

Treatment of HIV-related complications by regulating microbiota and systemic immune balance

Dysbiosis in PLWH promotes chronic inflammation, which underpins the development of serious 
comorbidities such as cardiovascular disease, obesity, T2D, and kidney disease. By specifically targeting the 
bacterial components of this dysbiosis, phage therapy offers a novel approach to managing inflammation 
and preventing these HIV-related complications.

Cardiovascular disease

Microbiome dysbiosis is mechanistically linked to cardiovascular pathogenesis, including heart failure, 
atherosclerosis, and hypertension, with mechanisms involving inflammation, metabolic reprogramming, 
and microbial-derived metabolites [78, 79]. In PLWH, phages targeting the elimination of pro-inflammatory 
microbiota (e.g., Fusobacterium nucleatum) can increase SCFAs production, and reduce the accumulation of 
atherogenic metabolites [e.g., imidazole propionate (ImP)], thereby jointly inhibiting the progression of 
vascular lesions [3, 79]. In addition to the targeted elimination of pro-inflammatory pathogens [80], phage 
therapy can also reduce LPS translocation, inhibit Toll-like receptor-mediated inflammation, reduce IL-
6/IL-8/IL-17 levels [81–83], and slow the progression of carotid plaques, showing therapeutic potential.

Diabetes

Microbiome dysbiosis underlies the development of metabolic diseases in PLWH [84]. HIV disrupts SCFAs-
mediated glucose regulation through mucosal damage, translocation of microbiota in mucosa, chronic 
inflammation, and tryptophan catabolism via the kynurenine pathway [85, 86], and phage-specific targeting 
can mitigate the risk of T2D. In addition, ART improves survival, but it leads to insulin resistance, 
dyslipidemia, and fat redistribution. These are precursors to metabolic syndrome, T2D, and cardiovascular 
disease [87]. Emerging evidence supports phage-mediated precise elimination of Prevotella to restore 
butyrate synthesis and improve insulin sensitivity [88], thereby modulating homeostasis model assessment 
of insulin resistance (HOMA-IR) and adiponectin in PLWH and improving diabetes outcomes [89]. 
Therefore, phage therapy strategies targeting the microbiome are an important component of long-term 
HIV management [88].
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Obesity

Obesity is a significant comorbidity in PLWH, and rapid weight gain is associated with a higher risk of 
diabetes and metabolic sequelae compared with the general population [90]. Due to obesity- and HIV-
induced dysbiosis, gut microbiota-derived SCFAs and BAs—key regulators of inflammation and 
metabolism, are reduced [91, 92]. Targeted phage therapy for dysbiosis could mitigate the direct effects of 
HIV proteins and ART on adipocyte biology, genetic susceptibility, microbial translocation, adaptive 
immune dysregulation, tissue inflammation, and accelerated fibrosis [93]. In PLWH, enrichment of 
Ruminococcus and Streptococcus, taxa linked to MASLD, compromises intestinal tight junctions, facilitating 
translocation of bacteria and LPS to the liver, where LPS-driven activation of hepatic stellate cells worsens 
steatosis and may promote fibrosis [94, 95]. Phage-mediated reduction of Gram-negative bacterial load may 
ultimately improve liver enzyme profiles and reduce lipid deposition [94, 95]. Given the current lack of 
effective obesity interventions for PLWH, phage-targeted bacterial regulation of the microbiota has become 
a key therapeutic strategy in the metabolic diseases [90] and is expected to open up new therapeutic 
avenues for obesity management in this population.

Neuropsychiatric disorders

Neurocognitive function declines more rapidly in PLWH, frequently leading to HIV-associated 
neurocognitive disorder. For example, the severity of distal neuropathic pain (DNP) in this population is 
associated with reduced intestinal α-diversity and increased abundance of Blautia/Clostridium [96]. HIV-
induced gut microbiota dysbiosis results in significantly lower levels of circulating butyrate and valerate 
than in HIV-seronegative people, disrupts the mucosal endothelial barrier, and leads to persistent microbial 
translocation and systemic inflammation [97, 98]. Therefore, phages target specific microbiota, affect key 
SCFA metabolites, repair intestinal epithelial integrity, and regulate immune levels [99], ultimately 
changing this pro-inflammatory environment and disrupting gut-brain axis signal transduction, which may 
mediate the pathogenesis of HIV-associated neurocognitive disorder. In addition, phages mediate intestinal 
microbiota balance, which has a parallel mechanism with mood regulation [100]. Notably, alterations in the 
gut microbiota of individuals with HIV, including a decline in Bacteroides and a rise in aerotolerant bacteria, 
have been associated with adverse emotional outcomes [101]. Conversely, in HIV-HCV co-infected 
individuals, depression is linked to elevated Bacteroides abundance and disrupted BA metabolism [102]. 
Although phage regulation of neuroactive microbial pathways and serotonin metabolism represents a 
promising therapeutic approach, its mechanistic evidence is still preliminary and warrants further study.

Kidney disease

Kidney disease, including HIV-associated nephropathy (HIVAN), is a serious complication of HIV infection, 
and gut dysbiosis is associated with this pathogenesis. ART can alleviate direct renal damage caused by HIV 
to varying degrees, but HIV-affected or ART-induced gut dysbiosis persists for a long time and may 
accelerate renal failure through inflammatory cascades and the production of uremic toxins [103]. The 
microbiota of patients with chronic kidney disease (CKD) shows a significant expansion of uremic toxin 
precursor-producing bacteria [104]. Phages intervene in the regulation of microbial flora and metabolites, 
reduce chronic inflammation and repair mucosal barriers, avoid microbial translocation (such as 
Enterobacteriaceae) [105], and affect Kupffer cells through portal circulation, reduce systemic inflammation 
and glomerular damage, and reduce renal fibrosis formation [95].

Other disease pathologies

In addition to renal pathology, HIV also induces skin flora imbalance (such as a decrease in skin bacilli) and 
barrier dysfunction, and there is a bidirectional relationship between the two [106]. Local phage therapy 
may restore ecological balance and improve diseases such as atopic dermatitis [106]. Microbiome 
composition also affects vaccine response. The enrichment of Bifidobacterium/Faecalibacterium in PLWH is 
associated with higher titers of coronavirus disease 2019 (COVID-19) vaccine-induced IgGs [107], 
suggesting that application of phages to control microbial species can optimize vaccine immunogenicity. 
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The elevated risk of HIV-associated cancers—including Kaposi sarcoma, lymphoma, and anal cancer—is 
further promoted by gut dysbiosis. This occurs through several oncogenic pathways: chronic inflammation, 
local and systemic immunosuppression, direct DNA damage, and the production of pro-tumorigenic 
microbial metabolites [108]. Notably, anal precancerous lesions in HIV-infected individuals are associated 
with enrichment of Prevotella [109]. Thus, local phage therapy could be a strategy to target carcinogenic 
microbiota. Elucidating the tripartite interactions between HIV, the microbiota, and extraintestinal 
pathologies remains critical for developing targeted interventions to restore microbiota balance and 
improve clinical outcomes.

Perspectives

The application of phage therapy to modulate the HIV-associated microbiome is fraught with complexity, 
primarily due to the intricate triad of microbiome-immune-viral pathogenesis interactions. A major 
obstacle is the considerable inter-individual variation in microbial composition, influenced by genetics, 
lifestyle, and environment, which confounds the establishment of universal definitions for “health” and 
“dysbiosis”. This variability, compounded by significant heterogeneity in clinical study designs, challenges 
the reproducibility and broader applicability of research outcomes [110]. This can be addressed by 
establishing cross-scale phage therapy research platforms that perform dynamic predictive modeling 
through multi-omics data fusion (metagenomics/metabolomics/immunoassays). Poorly defined 
interactions between HIV, sexual behavior, dietary habits, and microbial ecology further obscure causal 
relationships, which can be mitigated by machine learning-driven barrier integrity assessment (via SCFA 
ratios such as propionate/butyrate) and CD4+ T cell-stratified precision pharmacokinetics (for sustained-
release formulations with counts < 200/μL) to enhance mechanistic elucidation. Mechanistically, the host-
phage-microbiome [111] is perturbed by HIV-mediated alterations in quorum sensing [112] and 
antiretroviral drugs (ARVs), which result in a unique and complex microenvironment. For this unique and 
complex microenvironment, synergistic combination strategies can be adopted to improve efficacy. Critical 
knowledge gaps persist due to technical limitations in analyzing high-dimensional omics data, particularly 
in proteomics and metabolomics. These gaps may be addressed through staged ecological 
reprogramming—a sequential process involving pathogen-specific phage deployment, probiotic or FMT-
mediated introduction of beneficial colonies, and the use of engineered phages to promote a stable 
microbial ecosystem.

These complexities introduce research uncertainties into the design of phage therapy in the context of 
HIV. First, the broad spectrum of infecting pathogens (ranging from ESKAPE pathogens to rare fungi like 
Talaromyces marneffei) can be targeted precisely using the staged ecological reprogramming strategy. 
Secondly, ART (e.g., the rilpivirine/dolutegravir regimen) exerts varying effects on the host microbiome, 
and personalized treatment hinders the study of regular patterns—this can be addressed by real-time 
monitoring methods to spatially track phage localization and bacterial clearance dynamics. In addition, 
bacterial-phage competition increases the evolutionary escape rate of bacteria in immunosuppressed hosts 
by 2-3-fold, elevating drug resistance risk, which can be prevented through resistance gene monitoring.

Despite clear therapeutic potential, phage delivery confronts multiple translational challenges, 
including formulation and storage instability, scalable GMP compliant production and purification, limited 
mucosal penetration and rapid host immune neutralization, emergent bacterial resistance and risk of 
endotoxin mediated inflammation or horizontal gene transfer, unclear pharmacokinetics and dosing 
regimens, and unresolved regulatory and clinical evidence requirements that must be addressed to enable 
safe and effective clinical deployment. A central challenge in therapeutic phage delivery is their unique 
pharmacokinetic-pharmacodynamic (PK/PD) behavior, stemming from the capacity of phages to replicate 
at the infection site. This results in nonlinear and context-dependent kinetic profiles that integrate 
pathogen load, mucosal colonization time, and spatial structure into treatment exposure [113, 114]. Clinical 
translation is constrained by phage immunogenicity that provokes neutralizing antibodies and cellular 
responses, by rapid bacterial evolution of phage resistance, and by the practical barriers to producing 
scalable, individualized phage cocktails. Addressing these challenges necessitates a dual strategy: first, the 
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multidisciplinary quantification of critical phage metrics (e.g., mucosal residence time, in situ replication, 
clearance) to build predictive PK/PD models; and second, the development of pragmatic delivery solutions, 
including immune-evasive encapsulation, phage cocktails, integrated diagnostic libraries, and harmonized 
production standards. Thus, reconciling the complexity of HIV-related diseases with therapeutic goals 
demands multidimensional innovation to transform phage therapy into viable clinical translation.

Conclusions
In summary, phage therapy introduces a novel therapeutic paradigm for HIV management, enabling the 
precision targeting of HIV-associated pathobionts (e.g., Prevotella spp.), repair of the mucosal barrier, and 
modulation of the immune-metabolic axis—notably via the restoration of SCFA and BA homeostasis. 
Collectively, these mechanisms pivot the treatment strategy from passive viral suppression to the active 
ecological control of the microbiome-metabolism-immunity triad. Consequently, microbiome engineering is 
positioned as a strategic intervention to mitigate chronic inflammation, eradicate latent viral reservoirs, 
prevent opportunistic infections and non-AIDS comorbidities, and advance the field toward a functional 
cure for HIV.

Abbreviations
AIDS: Acquired Immunodeficiency Syndrome

ART: antiretroviral therapy

BAs: bile acids

CD4+: cluster of differentiation 4+

CMV: cytomegalovirus

FMTs: fecal microbiota transplantations

HIV: human immunodeficiency virus

IL: interleukin

INSTI: integrase strand transfer inhibitor

IPA: invasive pulmonary aspergillosis

LPS: lipopolysaccharide

mDCs: myeloid dendritic cells

MSM: men who have sex with men

MTB: Mycobacterium tuberculosis

phage: bacteriophage

PK/PD: pharmacokinetic-pharmacodynamic

PLWH: people living with human immunodeficiency virus

PrEP: pre-exposure prophylaxis

sCD14: soluble cluster of differentiation 14

SCFA: short-chain fatty acid

T2D: type 2 diabetes

TB: tuberculosis

Th17: T helper 17 cell

Treg: regulatory T cell



Explor Med. 2025;6:1001373 | https://doi.org/10.37349/emed.2025.1001373 Page 13

Declarations
Author contributions

HL, MZ, and PZ: Conceptualization, Supervision, Writing—review & editing. YZ, PX, DL, and ZH: 
Conceptualization, Investigation, Writing—original draft, Writing—review & editing. ZL, XD, GD, LZ, and YC: 
Writing—review & editing. All authors read and approved the submitted version.

Conflicts of interest

Hongzhou Lu, who is the Editorial Board Member and Guest Editor of Exploration of Medicine, had no 
involvement in the decision-making or the review process of this manuscript. The other authors declare no 
conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

This study was supported by the Shenzhen Clinical Medical Research Center for Major Emerging Infectious 
Diseases [lcyssq2022082309120007], the Shenzhen Strategic Emerging Industries Special Fund Project [F-
2022-Z99-502266], the Shenzhen High Level Hospital Construction Internal Supporting Funds (Infectious 
Diseases Department) Project [XKJS-CRGRK-009], and the Shenzhen “Three Project” Medical Team Project 
[SZSM202311033]. The funder has no role in research design, data collection and analysis, publication 
decisions, or manuscript preparation.

Copyright

© The Author(s) 2025.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.

References
Global HIV Programme: HIV data and statistics [Internet]. WHO; c2025 [cited 2025 Sep 16]. 
Available from: https://www.who.int/teams/global-hiv-hepatitis-and-stis-programmes/hiv/strateg
ic-information/hiv-data-and-statistics

1.     

Crawford A, Angelosanto JM, Kao C, Doering TA, Odorizzi PM, Barnett BE, et al. Molecular and 
transcriptional basis of CD4+ T cell dysfunction during chronic infection. Immunity. 2014;40:
289–302. [DOI] [PubMed] [PMC]

2.     

Brenchley JM, Serrano-Villar S. From dysbiosis to defense: harnessing the gut microbiome in HIV/
SIV therapy. Microbiome. 2024;12:113. [DOI] [PubMed] [PMC]

3.     

https://www.who.int/teams/global-hiv-hepatitis-and-stis-programmes/hiv/strategic-information/hiv-data-and-statistics
https://www.who.int/teams/global-hiv-hepatitis-and-stis-programmes/hiv/strategic-information/hiv-data-and-statistics
https://dx.doi.org/10.1016/j.immuni.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24530057
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3990591
https://dx.doi.org/10.1186/s40168-024-01825-w
http://www.ncbi.nlm.nih.gov/pubmed/38907315
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11193286


Explor Med. 2025;6:1001373 | https://doi.org/10.37349/emed.2025.1001373 Page 14

Bulnes R, Utay NS. Therapeutic microbiome modulation: new frontiers in HIV treatment. Curr Opin 
HIV AIDS. 2024;19:268–75. [DOI] [PubMed]

4.     

Duan H, Wang L, Huangfu M, Li H. The impact of microbiota-derived short-chain fatty acids on 
macrophage activities in disease: Mechanisms and therapeutic potentials. Biomed Pharmacother. 
2023;165:115276. [DOI] [PubMed]

5.     

Pirnay J, Djebara S, Steurs G, Griselain J, Cochez C, Soir SD, et al. Personalized bacteriophage therapy 
outcomes for 100 consecutive cases: a multicentre, multinational, retrospective observational study. 
Nat Microbiol. 2024;9:1434–53. [DOI] [PubMed] [PMC]

6.     

Duan X, Liu W, Xiao Y, Rao M, Ji L, Wan X, et al. Exploration of the feasibility of clinical application of 
phage treatment for multidrug-resistant Serratia marcescens-induced pulmonary infection. Emerg 
Microbes Infect. 2025;14:2451048. [DOI] [PubMed] [PMC]

7.     

Federici S, Kviatcovsky D, Valdés-Mas R, Elinav E. Microbiome-phage interactions in inflammatory 
bowel disease. Clin Microbiol Infect. 2023;29:682–8. [DOI] [PubMed]

8.     

Federici S, Nobs SP, Elinav E. Phages and their potential to modulate the microbiome and immunity. 
Cell Mol Immunol. 2021;18:889–904. [DOI] [PubMed] [PMC]

9.     

Wu Z, Xie Z, Cui X, Sun X, Zhao F, Wang N, et al. HIV and the gut microbiome: future research hotspots 
and trends. Front Microbiol. 2025;16:1466419. [DOI] [PubMed] [PMC]

10.     

Vujkovic-Cvijin I, Sortino O, Verheij E, Sklar J, Wit FW, Kootstra NA, et al. HIV-associated gut 
dysbiosis is independent of sexual practice and correlates with noncommunicable diseases. Nat 
Commun. 2020;11:2448. [DOI] [PubMed] [PMC]

11.     

Duan Y, Llorente C, Lang S, Brandl K, Chu H, Jiang L, et al. Bacteriophage targeting of gut bacterium 
attenuates alcoholic liver disease. Nature. 2019;575:505–11. [DOI] [PubMed] [PMC]

12.     

Stanford J, Charlton K, Stefoska-Needham A, Ibrahim R, Lambert K. The gut microbiota profile of 
adults with kidney disease and kidney stones: a systematic review of the literature. BMC Nephrol. 
2020;21:215. [DOI] [PubMed] [PMC]

13.     

Barr JJ, Auro R, Furlan M, Whiteson KL, Erb ML, Pogliano J, et al. Bacteriophage adhering to mucus 
provide a non-host-derived immunity. Proc Natl Acad Sci U S A. 2013;110:10771–6. [DOI] [PubMed] 
[PMC]

14.     

Nganou-Makamdop K, Talla A, Sharma AA, Darko S, Ransier A, Laboune F, et al. Translocated 
microbiome composition determines immunological outcome in treated HIV infection. Cell. 2021;
184:3899–914.e16. [DOI] [PubMed] [PMC]

15.     

Kendrick SFW, OʼBoyle G, Mann J, Zeybel M, Palmer J, Jones DEJ, et al. Acetate, the key modulator of 
inflammatory responses in acute alcoholic hepatitis. Hepatology. 2010;51:1988–97. [DOI] [PubMed]

16.     

Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-Bru C, et al. Gut microbiota 
metabolism of dietary fiber influences allergic airway disease and hematopoiesis. Nat Med. 2014;20:
159–66. [DOI] [PubMed]

17.     

Shkoporov AN, Hill C. Bacteriophages of the Human Gut: The “Known Unknown” of the Microbiome. 
Cell Host Microbe. 2019;25:195–209. [DOI] [PubMed]

18.     

Young R. Bacteriophage lysis: mechanism and regulation. Microbiol Rev. 1992;56:430–81. [DOI] 
[PubMed] [PMC]

19.     

Hsu BB, Gibson TE, Yeliseyev V, Liu Q, Lyon L, Bry L, et al. Dynamic Modulation of the Gut Microbiota 
and Metabolome by Bacteriophages in a Mouse Model. Cell Host Microbe. 2019;25:803–14.e5. [DOI] 
[PubMed] [PMC]

20.     

Altamirano FLG, Barr JJ. Phage Therapy in the Postantibiotic Era. Clin Microbiol Rev. 2019;32:
e00066–18. [DOI] [PubMed] [PMC]

21.     

Wiegand T, Hoffmann FT, Walker MWG, Tang S, Richard E, Le HC, et al. TnpB homologues exapted 
from transposons are RNA-guided transcription factors. Nature. 2024;631:439–48. [DOI] [PubMed] 
[PMC]

22.     

https://dx.doi.org/10.1097/COH.0000000000000864
http://www.ncbi.nlm.nih.gov/pubmed/38874442
https://dx.doi.org/10.1016/j.biopha.2023.115276
http://www.ncbi.nlm.nih.gov/pubmed/37542852
https://dx.doi.org/10.1038/s41564-024-01705-x
http://www.ncbi.nlm.nih.gov/pubmed/38834776
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11153159
https://dx.doi.org/10.1080/22221751.2025.2451048
http://www.ncbi.nlm.nih.gov/pubmed/39764739
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11740298
https://dx.doi.org/10.1016/j.cmi.2022.08.027
http://www.ncbi.nlm.nih.gov/pubmed/36191844
https://dx.doi.org/10.1038/s41423-020-00532-4
http://www.ncbi.nlm.nih.gov/pubmed/32901128
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8115240
https://dx.doi.org/10.3389/fmicb.2025.1466419
http://www.ncbi.nlm.nih.gov/pubmed/39990153
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11844347
https://dx.doi.org/10.1038/s41467-020-16222-8
http://www.ncbi.nlm.nih.gov/pubmed/32415070
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7228978
https://dx.doi.org/10.1038/s41586-019-1742-x
http://www.ncbi.nlm.nih.gov/pubmed/31723265
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6872939
https://dx.doi.org/10.1186/s12882-020-01805-w
http://www.ncbi.nlm.nih.gov/pubmed/32503496
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7275316
https://dx.doi.org/10.1073/pnas.1305923110
http://www.ncbi.nlm.nih.gov/pubmed/23690590
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3696810
https://dx.doi.org/10.1016/j.cell.2021.05.023
http://www.ncbi.nlm.nih.gov/pubmed/34237254
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8316372
https://dx.doi.org/10.1002/hep.23572
http://www.ncbi.nlm.nih.gov/pubmed/20232292
https://dx.doi.org/10.1038/nm.3444
http://www.ncbi.nlm.nih.gov/pubmed/24390308
https://dx.doi.org/10.1016/j.chom.2019.01.017
http://www.ncbi.nlm.nih.gov/pubmed/30763534
https://dx.doi.org/10.1128/mr.56.3.430-481.1992
http://www.ncbi.nlm.nih.gov/pubmed/1406491
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC372879
https://dx.doi.org/10.1016/j.chom.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31175044
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6579560
https://dx.doi.org/10.1128/CMR.00066-18
http://www.ncbi.nlm.nih.gov/pubmed/30651225
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6431132
https://dx.doi.org/10.1038/s41586-024-07598-4
http://www.ncbi.nlm.nih.gov/pubmed/38926585
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11702177


Explor Med. 2025;6:1001373 | https://doi.org/10.37349/emed.2025.1001373 Page 15

Zhong Q, Liao B, Liu J, Shen W, Wang J, Wei L, et al. Episymbiotic Saccharibacteria TM7x modulates 
the susceptibility of its host bacteria to phage infection and promotes their coexistence. Proc Natl 
Acad Sci U S A. 2024;121:e2319790121. [DOI] [PubMed] [PMC]

23.     

Wilde J, Boyes R, Robinson AV, Daisley BA, Botschner AJ, Brettingham DJL, et al. Assessing phage-
host population dynamics by reintroducing virulent viruses to synthetic microbiomes. Cell Host 
Microbe. 2024;32:768–78.e9. [DOI] [PubMed]

24.     

Guo X, Wang Z, Qu M, Guo Y, Yu M, Hong W, et al. Abnormal blood microbiota profiles are associated 
with inflammation and immune restoration in HIV/AIDS individuals. mSystems. 2023;8:e0046723. 
[DOI] [PubMed] [PMC]

25.     

Iljazovic A, Amend L, Galvez EJC, de Oliveira R, Strowig T. Modulation of inflammatory responses by 
gastrointestinal Prevotella spp. - From associations to functional studies. Int J Med Microbiol. 2021;
311:151472. [DOI] [PubMed]

26.     

Mudd JC, Brenchley JM. Gut Mucosal Barrier Dysfunction, Microbial Dysbiosis, and Their Role in HIV-
1 Disease Progression. J Infect Dis. 2016;214:S58–66. [DOI] [PubMed] [PMC]

27.     

Kushkevych I, Dordević D, Vítězová M. Possible synergy effect of hydrogen sulfide and acetate 
produced by sulfate-reducing bacteria on inflammatory bowel disease development. J Adv Res. 2020;
27:71–8. [DOI] [PubMed] [PMC]

28.     

Mutlu EA, Keshavarzian A, Losurdo J, Swanson G, Siewe B, Forsyth C, et al. A compositional look at 
the human gastrointestinal microbiome and immune activation parameters in HIV infected subjects. 
PLoS Pathog. 2014;10:e1003829. [DOI] [PubMed] [PMC]

29.     

Png CW, Lindén SK, Gilshenan KS, Zoetendal EG, McSweeney CS, Sly LI, et al. Mucolytic bacteria with 
increased prevalence in IBD mucosa augment in vitro utilization of mucin by other bacteria. Am J 
Gastroenterol. 2010;105:2420–8. [DOI] [PubMed]

30.     

Palmer BE, Li SX, Lozupone CA. The HIV-Associated Enteric Microbiome Has Gone Viral. Cell Host 
Microbe. 2016;19:270–2. [DOI] [PubMed] [PMC]

31.     

Gu B, Kim M, Yun C. Regulation of Gastrointestinal Immunity by Metabolites. Nutrients. 2021;13:167. 
[DOI] [PubMed] [PMC]

32.     

Thulasinathan B, Suvilesh KN, Maram S, Grossmann E, Ghouri Y, Teixeiro EP, et al. The impact of gut 
microbial short-chain fatty acids on colorectal cancer development and prevention. Gut Microbes. 
2025;17:2483780. [DOI] [PubMed] [PMC]

33.     

Yang W, Yuan Q, Li Z, Du Z, Wu G, Yu J, et al. Translocation and Dissemination of Gut Bacteria after 
Severe Traumatic Brain Injury. Microorganisms. 2022;10:2082. [DOI] [PubMed] [PMC]

34.     

Baryła I, Styczeń-Binkowska E, Płuciennik E, Kośla K, Bednarek AK. The WWOX/HIF1A Axis 
Downregulation Alters Glucose Metabolism and Predispose to Metabolic Disorders. Int J Mol Sci. 
2022;23:3326. [DOI] [PubMed] [PMC]

35.     

Robles-Vera I, Jarit-Cabanillas A, Brandi P, Martínez-López M, Martínez-Cano S, Rodrigo-Tapias M, et 
al. Microbiota translocation following intestinal barrier disruption promotes Mincle-mediated 
training of myeloid progenitors in the bone marrow. Immunity. 2025;58:381–96.e9. [DOI] [PubMed] 
[PMC]

36.     

Yu M, Qu M, Wang Z, Zhen C, Yang B, Zhang Y, et al. Dysfunction and Metabolic Reprogramming of 
Gut Regulatory T Cells in HIV-Infected Immunological Non-Responders. Cells. 2025;14:1164. [DOI] 
[PubMed] [PMC]

37.     

Zevin AS, McKinnon L, Burgener A, Klatt NR. Microbial translocation and microbiome dysbiosis in 
HIV-associated immune activation. Curr Opin HIV AIDS. 2016;11:182–90. [DOI] [PubMed] [PMC]

38.     

Kelley CF, Kraft CS, de Man TJ, Duphare C, Lee H, Yang J, et al. The rectal mucosa and condomless 
receptive anal intercourse in HIV-negative MSM: implications for HIV transmission and prevention. 
Mucosal Immunol. 2017;10:996–1007. [DOI] [PubMed] [PMC]

39.     

Tuddenham S, Ghanem KG. A microbiome variable in the HIV-prevention equation. Science. 2017;
356:907–8. [DOI] [PubMed] [PMC]

40.     

https://dx.doi.org/10.1073/pnas.2319790121
http://www.ncbi.nlm.nih.gov/pubmed/38593079
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11032452
https://dx.doi.org/10.1016/j.chom.2024.04.001
http://www.ncbi.nlm.nih.gov/pubmed/38653241
https://dx.doi.org/10.1128/msystems.00467-23
http://www.ncbi.nlm.nih.gov/pubmed/37698407
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10654078
https://dx.doi.org/10.1016/j.ijmm.2021.151472
http://www.ncbi.nlm.nih.gov/pubmed/33461110
https://dx.doi.org/10.1093/infdis/jiw258
http://www.ncbi.nlm.nih.gov/pubmed/27625432
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5021240
https://dx.doi.org/10.1016/j.jare.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/33318867
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7728581
https://dx.doi.org/10.1371/journal.ppat.1003829
http://www.ncbi.nlm.nih.gov/pubmed/24586144
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3930561
https://dx.doi.org/10.1038/ajg.2010.281
http://www.ncbi.nlm.nih.gov/pubmed/20648002
https://dx.doi.org/10.1016/j.chom.2016.02.014
http://www.ncbi.nlm.nih.gov/pubmed/26962936
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5561730
https://dx.doi.org/10.3390/nu13010167
http://www.ncbi.nlm.nih.gov/pubmed/33430497
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7826526
https://dx.doi.org/10.1080/19490976.2025.2483780
http://www.ncbi.nlm.nih.gov/pubmed/40189834
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11980463
https://dx.doi.org/10.3390/microorganisms10102082
http://www.ncbi.nlm.nih.gov/pubmed/36296362
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9611479
https://dx.doi.org/10.3390/ijms23063326
http://www.ncbi.nlm.nih.gov/pubmed/35328751
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8955937
https://dx.doi.org/10.1016/j.immuni.2024.12.012
http://www.ncbi.nlm.nih.gov/pubmed/39848243
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11832192
https://dx.doi.org/10.3390/cells14151164
http://www.ncbi.nlm.nih.gov/pubmed/40801597
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12346641
https://dx.doi.org/10.1097/COH.0000000000000234
http://www.ncbi.nlm.nih.gov/pubmed/26679414
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4752849
https://dx.doi.org/10.1038/mi.2016.97
http://www.ncbi.nlm.nih.gov/pubmed/27848950
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5433931
https://dx.doi.org/10.1126/science.aan6103
http://www.ncbi.nlm.nih.gov/pubmed/28572351
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5939943


Explor Med. 2025;6:1001373 | https://doi.org/10.37349/emed.2025.1001373 Page 16

Littlefield KM, Schneider JM, Neff CP, Soesanto V, Siebert JC, Nusbacher NM, et al. Elevated 
inflammatory fecal immune factors in men who have sex with men with HIV associate with 
microbiome composition and gut barrier function. Front Immunol. 2022;13:1072720. [DOI] 
[PubMed] [PMC]

41.     

Meng L, Yang F, Cao Z, Wang C, Chen J, Zhu Y, et al. Wearing bacteriophages individually with an 
adhesive drug-loadable nanohelmet for treating ocular infections. Sci Adv. 2025;11:eadx4183. [DOI] 
[PubMed] [PMC]

42.     

Dokuz S, Coksu I, Acar S, Ozbek T. A precise targeting of Staphylococcus aureus with phage RBP-
decorated antibiotic-loaded nanoparticles. Biotechnol J. 2025;20:e2300520. [DOI] [PubMed]

43.     

Lin H, Chen Y, Abror-Lacks G, Price M, Morris A, Sun J, et al. Sexual behavior is linked to changes in 
gut microbiome and systemic inflammation that lead to HIV-1 infection in men who have sex with 
men. Commun Biol. 2024;7:1145. [DOI] [PubMed] [PMC]

44.     

Saidi F, Graybill LA, Tang JH, Phanga T, Milala B, Banda G, et al. Effect of initiation of antiretroviral 
drugs for HIV prevention or treatment on the vaginal microbiome of pregnant women in Malawi. NPJ 
Biofilms Microbiomes. 2025;11:67. [DOI] [PubMed] [PMC]

45.     

Dillon SM, Lee EJ, Kotter CV, Austin GL, Gianella S, Siewe B, et al. Gut dendritic cell activation links an 
altered colonic microbiome to mucosal and systemic T-cell activation in untreated HIV-1 infection. 
Mucosal Immunol. 2016;9:24–37. [DOI] [PubMed] [PMC]

46.     

Vujkovic-Cvijin I, Rutishauser RL, Pao M, Hunt PW, Lynch SV, McCune JM, et al. Limited engraftment 
of donor microbiome via one-time fecal microbial transplantation in treated HIV-infected 
individuals. Gut Microbes. 2017;8:440–50. [DOI] [PubMed] [PMC]

47.     

Monaco CL, Gootenberg DB, Zhao G, Handley SA, Ghebremichael MS, Lim ES, et al. Altered Virome 
and Bacterial Microbiome in Human Immunodeficiency Virus-Associated Acquired 
Immunodeficiency Syndrome. Cell Host Microbe. 2016;19:311–22. [DOI] [PubMed] [PMC]

48.     

Shrivastav K, Nasser H, Ikeda T, Nema V. Possible Crosstalk and Alterations in Gut Bacteriome and 
Virome in HIV-1 Infection and the Associated Comorbidities Related to Metabolic Disorder. Viruses. 
2025;17:990. [DOI] [PubMed] [PMC]

49.     

Devoto AE, Santini JM, Olm MR, Anantharaman K, Munk P, Tung J, et al. Megaphages infect Prevotella 
and variants are widespread in gut microbiomes. Nat Microbiol. 2019;4:693–700. [DOI] [PubMed] 
[PMC]

50.     

Chen Y, Lin H, Cole M, Morris A, Martinson J, Mckay H, et al. Signature changes in gut microbiome are 
associated with increased susceptibility to HIV-1 infection in MSM. Microbiome. 2021;9:237. [DOI] 
[PubMed] [PMC]

51.     

Huang K, Ye H, Fang Y, Li T, Pei S, Wu L, et al. Plasma Phage Load is Positively Related to the Immune 
Checkpoints in Patients Living with Human Immunodeficiency Virus. Curr HIV Res. 2022;20:301–8. 
[DOI] [PubMed]

52.     

García-Abellán J, García JA, Galdámez R, Gosalbes MJ, Fernández-González M, Padilla S, et al. Gut 
microbiota and weight gain in people with HIV on integrase inhibitors: a five-year longitudinal study. 
J Antimicrob Chemother. 2025;80:2145–57. [DOI] [PubMed]

53.     

Skar V, Skar AG, Strømme JH. Beta-glucuronidase activity related to bacterial growth in common bile 
duct bile in gallstone patients. Scand J Gastroenterol. 1988;23:83–90. [DOI] [PubMed]

54.     

Elmassry MM, Kim S, Busby B. Predicting drug-metagenome interactions: Variation in the microbial 
β-glucuronidase level in the human gut metagenomes. PLoS One. 2021;16:e0244876. [DOI] 
[PubMed] [PMC]

55.     

Ly M, Abeles SR, Boehm TK, Robles-Sikisaka R, Naidu M, Santiago-Rodriguez T, et al. Altered oral 
viral ecology in association with periodontal disease. mBio. 2014;5:e01133–14. [DOI] [PubMed] 
[PMC]

56.     

Zuo T, Lu X, Zhang Y, Cheung CP, Lam S, Zhang F, et al. Gut mucosal virome alterations in ulcerative 
colitis. Gut. 2019;68:1169–79. [DOI] [PubMed] [PMC]

57.     

https://dx.doi.org/10.3389/fimmu.2022.1072720
http://www.ncbi.nlm.nih.gov/pubmed/36605218
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9808389
https://dx.doi.org/10.1126/sciadv.adx4183
http://www.ncbi.nlm.nih.gov/pubmed/40644532
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12248281
https://dx.doi.org/10.1002/biot.202300520
http://www.ncbi.nlm.nih.gov/pubmed/39973473
https://dx.doi.org/10.1038/s42003-024-06816-z
http://www.ncbi.nlm.nih.gov/pubmed/39277660
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11401892
https://dx.doi.org/10.1038/s41522-025-00697-8
http://www.ncbi.nlm.nih.gov/pubmed/40287413
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12033299
https://dx.doi.org/10.1038/mi.2015.33
http://www.ncbi.nlm.nih.gov/pubmed/25921339
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4626441
https://dx.doi.org/10.1080/19490976.2017.1334034
http://www.ncbi.nlm.nih.gov/pubmed/28541799
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5628639
https://dx.doi.org/10.1016/j.chom.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/26962942
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4821831
https://dx.doi.org/10.3390/v17070990
http://www.ncbi.nlm.nih.gov/pubmed/40733607
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12300246
https://dx.doi.org/10.1038/s41564-018-0338-9
http://www.ncbi.nlm.nih.gov/pubmed/30692672
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6784885
https://dx.doi.org/10.1186/s40168-021-01168-w
http://www.ncbi.nlm.nih.gov/pubmed/34879869
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8656045
https://dx.doi.org/10.2174/1570162X20666220630141926
http://www.ncbi.nlm.nih.gov/pubmed/35786189
https://dx.doi.org/10.1093/jac/dkaf182
http://www.ncbi.nlm.nih.gov/pubmed/40470774
https://dx.doi.org/10.3109/00365528809093853
http://www.ncbi.nlm.nih.gov/pubmed/3344403
https://dx.doi.org/10.1371/journal.pone.0244876
http://www.ncbi.nlm.nih.gov/pubmed/33411719
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7790408
https://dx.doi.org/10.1128/mBio.01133-14
http://www.ncbi.nlm.nih.gov/pubmed/24846382
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4030452
https://dx.doi.org/10.1136/gutjnl-2018-318131
http://www.ncbi.nlm.nih.gov/pubmed/30842211
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6582748


Explor Med. 2025;6:1001373 | https://doi.org/10.37349/emed.2025.1001373 Page 17

Gundersen MS, Fiedler AW, Bakke I, Vadstein O. The impact of phage treatment on bacterial 
community structure is minor compared to antibiotics. Sci Rep. 2023;13:21032. [DOI] [PubMed] 
[PMC]

58.     

Li Y, Song T, Cao L, Zhang H, Ma Y, Tian R, et al. Large expansion of plasma commensal viruses is 
associated with SIV pathogenesis in Macaca leonina. Sci Adv. 2024;10:eadq1152. [DOI] [PubMed] 
[PMC]

59.     

Dedrick RM, Smith BE, Cristinziano M, Freeman KG, Jacobs-Sera D, Belessis Y, et al. Phage Therapy of 
Mycobacterium Infections: Compassionate Use of Phages in 20 Patients With Drug-Resistant 
Mycobacterial Disease. Clin Infect Dis. 2023;76:103–12. [DOI] [PubMed] [PMC]

60.     

Ruiz-Tagle C, Ugalde JA, Naves R, Araos R, García P, Balcells ME. Reduced microbial diversity of the 
nasopharyngeal microbiome in household contacts with latent tuberculosis infection. Sci Rep. 2023;
13:7301. [DOI] [PubMed] [PMC]

61.     

Nyawo G, Naidoo CC, Wu BG, Kwok B, Clemente JC, Li Y, et al. Bad company? The pericardium 
microbiome in people investigated for tuberculous pericarditis in an HIV-prevalent setting. Microbes 
Infect. 2025;27:105434. [DOI] [PubMed] [PMC]

62.     

Liu H, Ji S, Fang Y, Yi X, Wu F, Xing F, et al. Microbiome Alteration in Lung Tissues of Tuberculosis 
Patients Revealed by Metagenomic Next-Generation Sequencing and Immune-Related 
Transcriptional Profile Identified by Transcriptome Sequencing. ACS Infect Dis. 2023;9:2572–82. 
[DOI] [PubMed] [PMC]

63.     

Li W, Huang Y, Tong S, Wan C, Wang Z. The characteristics of the gut microbiota in patients with 
pulmonary tuberculosis: A systematic review. Diagn Microbiol Infect Dis. 2024;109:116291. [DOI] 
[PubMed]

64.     

Liu L, Hu J, Lu H. Disseminated nontuberculous mycobacteria infection in human immunodeficiency 
virus-infected patients. Chin Med J (Engl). 2021;134:2838–40. [DOI] [PubMed] [PMC]

65.     

Nick JA, Dedrick RM, Gray AL, Vladar EK, Smith BE, Freeman KG, et al. Host and pathogen response to 
bacteriophage engineered against Mycobacterium abscessus lung infection. Cell. 2022;185:
1860–74.e12. [DOI] [PubMed] [PMC]

66.     

Le-Trilling VTK, Ebel J, Baier F, Wohlgemuth K, Pfeifer KR, Mookhoek A, et al. Acute cytomegalovirus 
infection modulates the intestinal microbiota and targets intestinal epithelial cells. Eur J Immunol. 
2023;53:e2249940. [DOI] [PubMed]

67.     

Johnson KE, Hernandez-Alvarado N, Blackstad M, Heisel T, Allert M, Fields DA, et al. Human 
cytomegalovirus in breast milk is associated with milk composition and the infant gut microbiome 
and growth. Nat Commun. 2024;15:6216. [DOI] [PubMed] [PMC]

68.     

Chin N, Narayan NR, Méndez-Lagares G, Ardeshir A, Chang WLW, Deere JD, et al. Cytomegalovirus 
infection disrupts the influence of short-chain fatty acid producers on Treg/Th17 balance. 
Microbiome. 2022;10:168. [DOI] [PubMed] [PMC]

69.     

Yang X, Wang G, Xie J, Li H, Chen S, Liu W, et al. The Intestinal Microbiome Primes Host Innate 
Immunity against Enteric Virus Systemic Infection through Type I Interferon. mBio. 2021;12:
e00366–21. [DOI] [PubMed] [PMC]

70.     

Karolewska-Bochenek K, Lazowska-Przeorek I, Grzesiowski P, Dziekiewicz M, Dembinski L, Albrecht 
P, et al. Faecal Microbiota Transfer - a new concept for treating cytomegalovirus colitis in children 
with ulcerative colitis. Ann Agric Environ Med. 2021;28:56–60. [DOI] [PubMed]

71.     

Meng X, Liu X, Li L, Zheng D, Zeng L, Liu Y, et al. Clinical Features of Invasive Fungal Disease in China 
Tertiary Hospital: A Prospective, Multicenter Study. Mycopathologia. 2025;190:36. [DOI] [PubMed]

72.     

Hérivaux A, Willis JR, Mercier T, Lagrou K, Gonçalves SM, Gonçales RA, et al. Lung microbiota predict 
invasive pulmonary aspergillosis and its outcome in immunocompromised patients. Thorax. 2022;
77:283–91. [DOI] [PubMed] [PMC]

73.     

https://dx.doi.org/10.1038/s41598-023-48434-5
http://www.ncbi.nlm.nih.gov/pubmed/38030754
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10687242
https://dx.doi.org/10.1126/sciadv.adq1152
http://www.ncbi.nlm.nih.gov/pubmed/39356751
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11446265
https://dx.doi.org/10.1093/cid/ciac453
http://www.ncbi.nlm.nih.gov/pubmed/35676823
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9825826
https://dx.doi.org/10.1038/s41598-023-34052-8
http://www.ncbi.nlm.nih.gov/pubmed/37147354
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10160714
https://dx.doi.org/10.1016/j.micinf.2024.105434
http://www.ncbi.nlm.nih.gov/pubmed/39528106
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12138806
https://dx.doi.org/10.1021/acsinfecdis.3c00416
http://www.ncbi.nlm.nih.gov/pubmed/37975314
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10715245
https://dx.doi.org/10.1016/j.diagmicrobio.2024.116291
http://www.ncbi.nlm.nih.gov/pubmed/38581928
https://dx.doi.org/10.1097/CM9.0000000000001820
http://www.ncbi.nlm.nih.gov/pubmed/34653083
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8667988
https://dx.doi.org/10.1016/j.cell.2022.04.024
http://www.ncbi.nlm.nih.gov/pubmed/35568033
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9840467
https://dx.doi.org/10.1002/eji.202249940
http://www.ncbi.nlm.nih.gov/pubmed/36250419
https://dx.doi.org/10.1038/s41467-024-50282-4
http://www.ncbi.nlm.nih.gov/pubmed/39043677
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11266569
https://dx.doi.org/10.1186/s40168-022-01355-3
http://www.ncbi.nlm.nih.gov/pubmed/36210471
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9549678
https://dx.doi.org/10.1128/mBio.00366-21
http://www.ncbi.nlm.nih.gov/pubmed/33975932
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8262959
https://dx.doi.org/10.26444/aaem/118189
http://www.ncbi.nlm.nih.gov/pubmed/33775068
https://dx.doi.org/10.1007/s11046-025-00940-y
http://www.ncbi.nlm.nih.gov/pubmed/40214806
https://dx.doi.org/10.1136/thoraxjnl-2020-216179
http://www.ncbi.nlm.nih.gov/pubmed/34172558
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8867272


Explor Med. 2025;6:1001373 | https://doi.org/10.37349/emed.2025.1001373 Page 18

Zhou S, Li M, Wang P, Guo C, Zhang J, Luo X, et al. A symbiotic filamentous gut fungus ameliorates 
MASH via a secondary metabolite-CerS6-ceramide axis. Science. 2025;388:eadp5540. [DOI] 
[PubMed]

74.     

Willger SD, Grim SL, Dolben EL, Shipunova A, Hampton TH, Morrison HG, et al. Characterization and 
quantification of the fungal microbiome in serial samples from individuals with cystic fibrosis. 
Microbiome. 2014;2:40. [DOI] [PubMed] [PMC]

75.     

van Tilburg Bernardes E, Pettersen VK, Gutierrez MW, Laforest-Lapointe I, Jendzjowsky NG, Cavin J, 
et al. Intestinal fungi are causally implicated in microbiome assembly and immune development in 
mice. Nat Commun. 2020;11:2577. [DOI] [PubMed] [PMC]

76.     

Marsland BJ, Trompette A, Gollwitzer ES. The Gut-Lung Axis in Respiratory Disease. Ann Am Thorac 
Soc. 2015;12:S150–6. [DOI] [PubMed]

77.     

Marques FZ, Nelson E, Chu P, Horlock D, Fiedler A, Ziemann M, et al. High-Fiber Diet and Acetate 
Supplementation Change the Gut Microbiota and Prevent the Development of Hypertension and 
Heart Failure in Hypertensive Mice. Circulation. 2017;135:964–77. [DOI] [PubMed]

78.     

Trøseid M, Andersen GØ, Broch K, Hov JR. The gut microbiome in coronary artery disease and heart 
failure: Current knowledge and future directions. EBioMedicine. 2020;52:102649. [DOI] [PubMed] 
[PMC]

79.     

Trøseid M, Nielsen SD, Vujkovic-Cvijin I. Gut microbiome and cardiometabolic comorbidities in 
people living with HIV. Microbiome. 2024;12:106. [DOI] [PubMed] [PMC]

80.     

Su J, Luo M, Liang N, Gong S, Chen W, Huang W, et al. Interleukin-6: A Novel Target for Cardio-
Cerebrovascular Diseases. Front Pharmacol. 2021;12:745061. [DOI] [PubMed] [PMC]

81.     

Inoue T, Komoda H, Nonaka M, Kameda M, Uchida T, Node K. Interleukin-8 as an independent 
predictor of long-term clinical outcome in patients with coronary artery disease. Int J Cardiol. 2008;
124:319–25. [DOI] [PubMed]

82.     

Su S, Ma H, Shen L, Xiang M, Wang J. Interleukin-17 and acute coronary syndrome. J Zhejiang Univ Sci 
B. 2013;14:664–9. [DOI] [PubMed] [PMC]

83.     

Pillai SS, Gagnon CA, Foster C, Ashraf AP. Exploring the Gut Microbiota: Key Insights Into Its Role in 
Obesity, Metabolic Syndrome, and Type 2 Diabetes. J Clin Endocrinol Metab. 2024;109:2709–19. 
[DOI] [PubMed] [PMC]

84.     

Zhang D, Jian Y, Zhang Y, Li Y, Gu L, Sun H, et al. Short-chain fatty acids in diseases. Cell Commun 
Signal. 2023;21:212. [DOI] [PubMed] [PMC]

85.     

Byakwaga H, Boum Y 2nd, Huang Y, Muzoora C, Kembabazi A, Weiser SD, et al. The kynurenine 
pathway of tryptophan catabolism, CD4+ T-cell recovery, and mortality among HIV-infected 
Ugandans initiating antiretroviral therapy. J Infect Dis. 2014;210:383–91. [DOI] [PubMed] [PMC]

86.     

Bailin SS, Gabriel CL, Wanjalla CN, Koethe JR. Obesity and Weight Gain in Persons with HIV. Curr 
HIV/AIDS Rep. 2020;17:138–50. [DOI] [PubMed] [PMC]

87.     

Lake JE, Currier JS. Metabolic disease in HIV infection. Lancet Infect Dis. 2013;13:964–75. [DOI] 
[PubMed]

88.     

Belda E, Capeau J, Zucker J, Chatelier EL, Pons N, Oñate FP, et al. Major depletion of insulin 
sensitivity-associated taxa in the gut microbiome of persons living with HIV controlled by 
antiretroviral drugs. BMC Med Genomics. 2024;17:209. [DOI] [PubMed] [PMC]

89.     

Godfrey C, Bremer A, Alba D, Apovian C, Koethe JR, Koliwad S, et al. Obesity and Fat Metabolism in 
Human Immunodeficiency Virus-Infected Individuals: Immunopathogenic Mechanisms and Clinical 
Implications. J Infect Dis. 2019;220:420–31. [DOI] [PubMed] [PMC]

90.     

Sereti I, Verburgh ML, Gifford J, Lo A, Boyd A, Verheij E, et al. Impaired gut microbiota-mediated 
short-chain fatty acid production precedes morbidity and mortality in people with HIV. Cell Rep. 
2023;42:113336. [DOI] [PubMed] [PMC]

91.     

Liu W, Yang G, Liu P, Jiang X, Xin Y. Modulation of adipose tissue metabolism by microbial-derived 
metabolites. Front Microbiol. 2022;13:1031498. [DOI] [PubMed] [PMC]

92.     

https://dx.doi.org/10.1126/science.adp5540
http://www.ncbi.nlm.nih.gov/pubmed/40310917
https://dx.doi.org/10.1186/2049-2618-2-40
http://www.ncbi.nlm.nih.gov/pubmed/25408892
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4236224
https://dx.doi.org/10.1038/s41467-020-16431-1
http://www.ncbi.nlm.nih.gov/pubmed/32444671
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7244730
https://dx.doi.org/10.1513/AnnalsATS.201503-133AW
http://www.ncbi.nlm.nih.gov/pubmed/26595731
https://dx.doi.org/10.1161/CIRCULATIONAHA.116.024545
http://www.ncbi.nlm.nih.gov/pubmed/27927713
https://dx.doi.org/10.1016/j.ebiom.2020.102649
http://www.ncbi.nlm.nih.gov/pubmed/32062353
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7016372
https://dx.doi.org/10.1186/s40168-024-01815-y
http://www.ncbi.nlm.nih.gov/pubmed/38877521
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11177534
https://dx.doi.org/10.3389/fphar.2021.745061
http://www.ncbi.nlm.nih.gov/pubmed/34504432
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8421530
https://dx.doi.org/10.1016/j.ijcard.2007.02.012
http://www.ncbi.nlm.nih.gov/pubmed/17442429
https://dx.doi.org/10.1631/jzus.BQICC701
http://www.ncbi.nlm.nih.gov/pubmed/23897784
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3735965
https://dx.doi.org/10.1210/clinem/dgae499
http://www.ncbi.nlm.nih.gov/pubmed/39040013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11479700
https://dx.doi.org/10.1186/s12964-023-01219-9
http://www.ncbi.nlm.nih.gov/pubmed/37596634
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10436623
https://dx.doi.org/10.1093/infdis/jiu115
http://www.ncbi.nlm.nih.gov/pubmed/24585899
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4148610
https://dx.doi.org/10.1007/s11904-020-00483-5
http://www.ncbi.nlm.nih.gov/pubmed/32072466
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7719267
https://dx.doi.org/10.1016/S1473-3099(13)70271-8
http://www.ncbi.nlm.nih.gov/pubmed/24156897
https://dx.doi.org/10.1186/s12920-024-01978-5
http://www.ncbi.nlm.nih.gov/pubmed/39138568
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11320835
https://dx.doi.org/10.1093/infdis/jiz118
http://www.ncbi.nlm.nih.gov/pubmed/30893434
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6941618
https://dx.doi.org/10.1016/j.celrep.2023.113336
http://www.ncbi.nlm.nih.gov/pubmed/37918403
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10872975
https://dx.doi.org/10.3389/fmicb.2022.1031498
http://www.ncbi.nlm.nih.gov/pubmed/36569060
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9783635


Explor Med. 2025;6:1001373 | https://doi.org/10.37349/emed.2025.1001373 Page 19

Koethe JR, Lagathu C, Lake JE, Domingo P, Calmy A, Falutz J, et al. HIV and antiretroviral therapy-
related fat alterations. Nat Rev Dis Primers. 2020;6:48. [DOI] [PubMed]

93.     

Martínez-Sanz J, Talavera-Rodríguez A, Díaz-Álvarez J, Cancio-Suárez MR, Rodríguez JM, Alba C, et al. 
A gut microbiome signature for HIV and metabolic dysfunction-associated steatotic liver disease. 
Front Immunol. 2023;14:1297378. [DOI] [PubMed] [PMC]

94.     

Duarte MJ, Tien PC, Somsouk M, Price JC. The human microbiome and gut-liver axis in people living 
with HIV. Curr HIV/AIDS Rep. 2023;20:170–80. [DOI] [PubMed] [PMC]

95.     

Ellis RJ, Heaton RK, Gianella S, Rahman G, Knight R. Reduced Gut Microbiome Diversity in People 
With HIV Who Have Distal Neuropathic Pain. J Pain. 2022;23:318–25. [DOI] [PubMed] [PMC]

96.     

Takiishi T, Fenero CIM, Câmara NOS. Intestinal barrier and gut microbiota: Shaping our immune 
responses throughout life. Tissue Barriers. 2017;5:e1373208. [DOI] [PubMed] [PMC]

97.     

MacCann R, Landay AL, Mallon PWG. HIV and comorbidities - the importance of gut inflammation 
and the kynurenine pathway. Curr Opin HIV AIDS. 2023;18:102–10. [DOI] [PubMed] [PMC]

98.     

Shi N, Li N, Duan X, Niu H. Interaction between the gut microbiome and mucosal immune system. Mil 
Med Res. 2017;4:14. [DOI] [PubMed] [PMC]

99.     

Sylvia KE, Demas GE. A gut feeling: Microbiome-brain-immune interactions modulate social and 
affective behaviors. Horm Behav. 2018;99:41–9. [DOI] [PubMed] [PMC]

100.     

Pérez-Santiago J, Marquine MJ, Cookson D, Giraud-Colón R, Heaton RK, Grant I, et al. Gut microbiota 
dysbiosis is associated with worse emotional states in HIV infection. J Neurovirol. 2021;27:228–38. 
[DOI] [PubMed] [PMC]

101.     

Taylor BC, Weldon KC, Ellis RJ, Franklin D, Groth T, Gentry EC, et al. Depression in Individuals 
Coinfected with HIV and HCV Is Associated with Systematic Differences in the Gut Microbiome and 
Metabolome. mSystems. 2020;5:e00465–20. [DOI] [PubMed] [PMC]

102.     

Ishizaka A, Koga M, Mizutani T, Parbie PK, Prawisuda D, Yusa N, et al. Unique Gut Microbiome in HIV 
Patients on Antiretroviral Therapy (ART) Suggests Association with Chronic Inflammation. Microbiol 
Spectr. 2021;9:e0070821. [DOI] [PubMed] [PMC]

103.     

Laiola M, Koppe L, Larabi A, Thirion F, Lange C, Quinquis B, et al.; CKD-REIN Study collaborators. 
Toxic microbiome and progression of chronic kidney disease: insights from a longitudinal CKD-
Microbiome Study. Gut. 2025;74:1624–37. [DOI] [PubMed] [PMC]

104.     

Szeto CC, Ng JKC. Toxic microbiome and progression of chronic kidney disease: insights from a 
longitudinal CKD-microbiome study. Gut. 2025;0:1–2. [DOI] [PubMed]

105.     

Anshory M, Kalim H, Nouwen JL, Thio HB. HIV-Associated Dermatological Alterations: Barrier 
Dysfunction, Immune Impairment, and Microbiome Changes. Int J Mol Sci. 2025;26:3199. [DOI] 
[PubMed] [PMC]

106.     

Ray S, Narayanan A, Vesterbacka J, Blennow O, Chen P, Gao Y, et al. Impact of the gut microbiome on 
immunological responses to COVID-19 vaccination in healthy controls and people living with HIV. 
NPJ Biofilms Microbiomes. 2023;9:104. [DOI] [PubMed] [PMC]

107.     

Gruffaz M, Zhang T, Marshall V, Gonçalves P, Ramaswami R, Labo N, et al. Signatures of oral 
microbiome in HIV-infected individuals with oral Kaposiʼs sarcoma and cell-associated KSHV DNA. 
PLoS Pathog. 2020;16:e1008114. [DOI] [PubMed] [PMC]

108.     

Brickman CE, Agnello M, Imam N, Camejo P, Pino R, Carroll LN, et al. Distinct anal microbiome is 
correlated with anal cancer precursors in MSM with HIV. AIDS. 2024;38:1476–84. [DOI] [PubMed] 
[PMC]

109.     

Hul MV, Cani PD, Petitfils C, Vos WMD, Tilg H, El-Omar EM. What defines a healthy gut microbiome? 
Gut. 2024;73:1893–908. [DOI] [PubMed] [PMC]

110.     

DiSalvo S, Maness N, Braun A, Tran M, Hofferkamp A. Tracking tripartite interaction dynamics: 
isolation, integration, and influence of bacteriophages in the Paraburkholderia-Dictyostelium 
discoideum symbiosis system. Front Microbiol. 2025;16:1537073. [DOI] [PubMed] [PMC]

111.     

https://dx.doi.org/10.1038/s41572-020-0181-1
http://www.ncbi.nlm.nih.gov/pubmed/32555389
https://dx.doi.org/10.3389/fimmu.2023.1297378
http://www.ncbi.nlm.nih.gov/pubmed/38162648
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10755913
https://dx.doi.org/10.1007/s11904-023-00657-x
http://www.ncbi.nlm.nih.gov/pubmed/37129834
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10232565
https://dx.doi.org/10.1016/j.jpain.2021.08.006
http://www.ncbi.nlm.nih.gov/pubmed/34530155
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9854399
https://dx.doi.org/10.1080/21688370.2017.1373208
http://www.ncbi.nlm.nih.gov/pubmed/28956703
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5788425
https://dx.doi.org/10.1097/COH.0000000000000782
http://www.ncbi.nlm.nih.gov/pubmed/36722199
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7614535
https://dx.doi.org/10.1186/s40779-017-0122-9
http://www.ncbi.nlm.nih.gov/pubmed/28465831
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5408367
https://dx.doi.org/10.1016/j.yhbeh.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29427583
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5880698
https://dx.doi.org/10.1007/s13365-020-00933-1
http://www.ncbi.nlm.nih.gov/pubmed/33651324
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8781727
https://dx.doi.org/10.1128/mSystems.00465-20
http://www.ncbi.nlm.nih.gov/pubmed/32994287
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7527136
https://dx.doi.org/10.1128/Spectrum.00708-21
http://www.ncbi.nlm.nih.gov/pubmed/34378948
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552706
https://dx.doi.org/10.1136/gutjnl-2024-334634
http://www.ncbi.nlm.nih.gov/pubmed/40461059
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12505076
https://dx.doi.org/10.1136/gutjnl-2025-335600
http://www.ncbi.nlm.nih.gov/pubmed/40473400
https://dx.doi.org/10.3390/ijms26073199
http://www.ncbi.nlm.nih.gov/pubmed/40244006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11989802
https://dx.doi.org/10.1038/s41522-023-00461-w
http://www.ncbi.nlm.nih.gov/pubmed/38123600
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10733305
https://dx.doi.org/10.1371/journal.ppat.1008114
http://www.ncbi.nlm.nih.gov/pubmed/31951641
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6992226
https://dx.doi.org/10.1097/QAD.0000000000003920
http://www.ncbi.nlm.nih.gov/pubmed/38691018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11239087
https://dx.doi.org/10.1136/gutjnl-2024-333378
http://www.ncbi.nlm.nih.gov/pubmed/39322314
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11503168
https://dx.doi.org/10.3389/fmicb.2025.1537073
http://www.ncbi.nlm.nih.gov/pubmed/40384784
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12081417


Explor Med. 2025;6:1001373 | https://doi.org/10.37349/emed.2025.1001373 Page 20

Koosehlar E, Mohabatkar H, Behbahani M. In Silico and In vitro Evaluations of the Antibacterial 
Activities of HIV-1 Nef Peptides against Pseudomonas aeruginosa. Int J Mol Cell Med. 2024;13:46–63. 
[DOI] [PubMed] [PMC]

112.     

Kapoor H, Maves AM, Bowder MA, Danelishvili L. Phage-mediated TLR2 signaling attenuates 
intracellular Mycobacterium abscessus survival in macrophages. Sci Rep. 2025;15:28504. [DOI] 
[PubMed] [PMC]

113.     

Zborowsky S, Seurat J, Balacheff Q, Ecomard S, Mulet C, Minh CNN, et al. Macrophage-induced 
reduction of bacteriophage density limits the efficacy of in vivo pulmonary phage therapy. Nat 
Commun. 2025;16:5725. [DOI] [PubMed] [PMC]

114.     

https://dx.doi.org/10.22088/IJMCM.BUMS.13.1.46
http://www.ncbi.nlm.nih.gov/pubmed/39156869
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11329932
https://dx.doi.org/10.1038/s41598-025-07320-y
http://www.ncbi.nlm.nih.gov/pubmed/40764322
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12325590
https://dx.doi.org/10.1038/s41467-025-61268-1
http://www.ncbi.nlm.nih.gov/pubmed/40595615
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12219145

	Abstract
	Keywords
	Introduction
	Phage therapy modulates gut/lung microbiota in HIV infection
	Clinical application of phage-regulated microbiota in PLWH
	Inhibit HIV evasion by restoring mucosal integrity and improving block efficacy
	Targeting HIV reservoirs through mucosal barrier repair and immune reconstitution
	Treatment of HIV-associated opportunistic infections using phage therapy
	Mycobacterial infection
	Cytomegalovirus (CMV)
	Fungal infections

	Treatment of HIV-related complications by regulating microbiota and systemic immune balance
	Cardiovascular disease
	Diabetes
	Obesity
	Neuropsychiatric disorders
	Kidney disease
	Other disease pathologies
	Perspectives


	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

