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SUMMARY   Despite major advances in HIV antiretroviral therapy (ART), complete 
elimination of the disease has not been achieved. Recently, the importance of the gut-
associated lymphoid tissues (GALT) and the resident microbiota in HIV pathogenesis has 
been highlighted. The GALT is the largest of the human lymphoid organs and is home to the 
highest number of CD4+ T cells in the body. Chronic HIV infection is associated with 
significant metabolic pathology, including changes to the microbial composition of the gut. 
However, the exact mechanism by which the microbiome contributes to HIV disease 
progression is still unclear. It is possible that an inflammatory cycle in which changes to the 
gut microbiota leads to impairment of the gut mucosal barrier function, resulting in leakage 
of bacterial members of the gut into systemic circulation. This article will explore the current 
understanding of how HIV changes the gut microbiota and what mechanisms may link these 
changes to immune cell loss and disease progression. Chronic immune activation is a key 
component of HIV-pathogenesis and may underscore the depletion of CD4+ T cells. 
Understanding this link highlights the possible role of a master regulator within the gut 
mucosa, thus uncovering a potential therapeutic target that may slow HIV progression. 

 
INTRODUCTION 

espite major advances in the treatment and detection of HIV, complete eradication of the 
disease has not yet been achieved. Strict adherence to an antiretroviral regimen and an 

undetectable viral load can still leave patients with few options if they do not have sufficient 
immune recovery [1]. Approximately 20% of patients who achieve complete viral 
suppression will fail to reconstitute CD4+ T cell populations [2]. These patients are referred 
to as Immunological Non-Responders (INR). In recent years, the model of HIV infection in 
which immune dysfunction is the direct result of viral replication has been challenged with a 
more nuanced understanding of HIV pathogenesis. In this model, immunodeficiency is the 
result of immune dysregulation and massive CD4+ T cell activation [3].  
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The gut associated lymphoid tissue (GALT) is where the majority of CD4+ T cells reside. 
The GI tract is now recognized as a key player in immune system function and development. 
The gut is also an important site for viral replication in the acute stages of HIV infection [4]. 
HIV patients experience substantial decreases in CD4+ T cells at the GALT within weeks of 
infection. Immune cells in the GALT express elevated levels of CCR5, making them 
particularly vulnerable to infection by the virus in comparison to T cells in the peripheral 
blood [5]. Importantly, in chronically infected patients who are late to initiate ART, CD4+ T 
cell counts in the GALT never fully recover [6].  

HIV has been shown to cause dramatic changes in the GI tract with significant alterations 
to the composition of the microbiota community [3]. The GI tract is constantly exposed to 
food and microbial antigens and plays a key role in regulating a balance of immune tolerance 
and activation [7]. This equilibrium is disrupted by HIV infection and local changes in the 
gut have far-reaching consequences. Changes in the gut community can lead to breaches of 
the gut mucosal lining, increased circulating microbial by-products and subsequent persistent 
immune activation. Given the accumulating evidence showing that immune activation is at 
the heart of HIV disease progression, understanding the mechanisms that underlie immune 
activation during the course of HIV infection will be crucial in developing new therapies in 
the future. This paper will investigate the links between the gut microbiota and HIV 
pathogenesis, propose a mechanism by which changes in the gut microbiota could be linked 
to the loss of CD4+ immune cells, and highlight the consequences of these findings for future 
treatment of HIV infection. 

 
RESEARCH QUESTIONS 

HIV disease remains a significant societal burden. In addition to impacting the quality of 
life of HIV infected individuals, the lifetime economic cost of those testing positive for HIV 
in Canada is estimated to be over $1,000,000 [8]. Elucidating the interaction between the gut 
microbiota and HIV infection may open doors for new therapeutic opportunities that help to 
reconcile this economic and psychological suffering. While antiretroviral therapy has been 
remarkably successful in controlling HIV viral replication, its success is limited by viral 
resistance, cost of treatment, adherence to treatment and significant drug-drug interactions 
[9]. These limitations indicate the work that still needs to be done in the fight against HIV. 
Research investigating the microbiota-immune axis is still in its infancy and complete 
understanding of its regulation and role in disease could provide novel targets for treatment. 

FIG. 1 IDO-1 enzyme activity driving immune activation, inflammation and immune cell loss. The self-amplifying 
nature of HIV infection, activation of IDO-1 and subsequent dysbiosis and inflammation.  
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Three questions will be addressed in order to illuminate the role of the gut in HIV 
infection. First, the way in which the gut microbiota is altered during the course of HIV 
infection will be reviewed. Then, possible mechanisms that link these changes to immune cell 
loss and poor immune recovery will be examined. Finally, a potential novel therapeutic target 
related to the gut-immune axis will be explored in detail.  

 
PROJECT NARRATIVE 
HIV infection changes the gut microbiota 

In recent years, a growing number of studies have investigated HIV-induced changes in 
the gut microbiome and its association with systemic inflammation and immune activation. 
A healthy GI tract is colonized by a wide variety of microbes, which are shielded from the 
immune system by a robust mucosal barrier [10]. The microbiome has been implicated in 
numerous inflammation-associated pathologies such as those in diabetes, obesity and 
inflammatory bowel disease (IBD) [11]. It is now being proposed that HIV-related dysbiosis 
may contribute to inflammation in chronic HIV infection. Although the gut microbiome of 
HIV infected individuals varies, common patterns of change have emerged [12]. HIV infected 
individuals often display decreased microbial diversity as well as increases in potentially 
pathogenic bacteria such as Enterobacteriaceae [12, 13]. Interestingly, HIV infected 
individuals also show a simultaneous loss of protective commensals such as Lactobacillaceae, 
Ruminococcaceae and Lachnospiraceae [14].  

Investigation into two opportunistic pathogens, P. aeruginosa and C. albicans, in the 
early stages of HIV infection showed that 92% of HIV infected patients were colonized by P. 
aeruginosa versus only 20% of healthy individuals [10]. P. aeruginosa also accounted for a 
larger proportion of the total microbiota in HIV infected individuals. Likewise, 100% of HIV-
positive fecal samples were colonized by C. albicans, which was present at levels 10,000-
fold higher than is found in healthy controls. Thus, impairment of the GI tract occurs early in 
infection and is associated with higher proportions of pathogenic microbes [10].   

Interestingly, elite controllers (EC) of HIV infection, who show suppressed viral 
replication in the absence of ART, have a distinct microbiome profile in comparison to those 
individuals who are INR or not HIV infected. Overall, ECs show increased species richness 
and diversity of the microbiota, similar to that of healthy individuals [15]. Additionally, ECs 
display an abundance of the microbial genus, Succinivibrio, which has been associated with 
successful immune recovery under ART therapy [15]. Succinivibrio has been shown to 
accumulate pro-inflammatory mediators, sequestering compounds that would otherwise 
cause inflammation in the gut [16]. So, the loss of protective commensals may lead to 
increased gut inflammation. Fecal calprotectin, a protein secreted by neutrophils in the 
GALT, can be used as a marker for inflammation. HIV infected individuals tend to show 
higher fecal calprotectin levels in comparison to healthy controls, indicating breakdown of 
the intestinal barrier function [10].  

Changes in the profile of metabolites produced by the gut microbial community have also 
been associated with immune cell recovery. Analysis of HIV-infected patients who are either 
viremic and untreated (VU), immunological ART responders (IR) or immunological ART 
non-responders (INR) shows that INR and VU tend to be most similar in their metabolome 
profiles, and different to IR. This suggests a correlation between adequate CD4+ T cell 
recovery and gut bacteria metabolic profiles [16].   

Thus, loss of protective community members and increases in pathogenic gut microbes 
may promote intestinal inflammation during HIV. 

 
Mechanisms that link changes in the gut microbiota to immune cell loss 

Several mechanisms link changes in the gut microbiota to immune cell loss. While the 
virus itself certainly triggers immune activation, it is not antigenically diverse enough to cause 
the observed depletion in CD4+ T cell populations [3]. It is hypothesized that HIV induces 
changes in the GI tract, compromising gut mucosal immunity. This leads to increased 
translocation of intestinal microbes and their products into circulation, with subsequent 
systemic immune activation [17].   
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In a study using a SIV-infected RM model, co-localization of microbial products and 
levels of production of inflammatory cytokines demonstrated that damage to the integrity of 
the gut lining was associated with microbial translocation, and this was linked to local immune 
activation [18,19]. This observation is supported by findings that lipopolysaccharide binding 
protein (LBP), a marker of microbial gut translocation, is present at significantly higher 
concentrations in naïve HIV infected individuals versus EC and non-HIV infected individuals. 
Additionally, INR show persistently high levels of circulating LPS and bacterial DNA, 
indicating less efficient containment of microbial translocation across the gut lining [20]. 
Given the relatively limited viral replication in the gut lining, it is unlikely that viral replication 
is solely responsible for immune activation in the gut. Instead, damage to the gut barrier and 
subsequent microbial translocation leads to persistent immune activation, providing activated 
CD4+ T cell targets for the virus [21].   

However, the question of what induces the initial damage to the gut epithelium remains. 
A subset of T-helper cells, Th-17 cells, is essential in protection against bacterial infection at 
mucosal surfaces like the GALT [22]. HIV has been demonstrated to alter the balance between 
intestinal Treg and Th17 cells [23]. Treg cells maintain tolerance to self and prevent 
autoimmune reactions. The loss of Th17 cells may account for the breakdown of gut mucosal 
immunity, providing the initial breach that allows for subsequent increased microbial 
translocation [23].   

Indoleamine-2,3-Dioxygenase 1 (IDO-1) is the main inducible enzyme of Tryptophan 
metabolism through the kynurenine pathway. IDO-1 is found in dendritic cells and its activity 
is upregulated by interferons and toll-like receptor agonists [24]. Murine and in vitro studies 
have shown that IDO-1 activity leads to decreased Th17 development, tipping the Th17/Treg 
balance in the gut towards an immunosuppressive Treg pathway [23]. Increased IDO-1 
activity during HIV infection indicates the existence of a positive feedback loop. Initial 
infection by HIV leads to upregulated IDO-1, which in turn suppresses Th17 development, 
dampening mucosal immunity and leading to breaches of the gut barrier and persistent 
immune activation [23]. RMs infected with SIV who do not progress to disease exhibit normal 
levels of Th17 cells [25]. The loss of normal protective factors in the gut leads to gut epithelial 
damage and initiates a vicious cycle of immune activation, which may lie at the heart of HIV 
disease progression.   

Interestingly, enrichment of certain pathogenic microbes in the gut is correlated with 
differing levels of Kyn:Trp catabolism [26]. Tryptophan (Trp) is an amino acid that is 
converted to Kynurenine (Kyn) by IDO-1. Several bacterial species enriched in HIV infected 
patients have IDO-1 homologs capable of producing Kynurenine from Tryptophan. Thus, 
initial infection with HIV may activate IDO-1, supporting the outgrowth of these pathogenic 
microbes, which may in turn exacerbate IDO-1 mediated mucosal disruption by accelerating 
Tryptophan catabolism along the Kynurenine pathway [26]. This would create a feedback 
cycle in which dysbiosis augments IDO-1 activity leading to loss of Th17 protection, further 
alteration of the gut microbial community and microbial translocation.  

 
Targeting IDO-1 to fight HIV 

IDO-1 dependent tryptophan metabolism may be the essential link between immune 
activation and the decline of immune cells seen in HIV infection [23]. IDO-1 is highly 
expressed in the gut mucosa during the early stages of HIV infection and this is associated 
with a decreased capacity to generate Th17 cells [25]. ECs of HIV have similar IDO-1 enzyme 
activity to uninfected individuals [15]. SIV infected animal models have shown that using a 
pharmacological blocker of IDO-1, in combination with ART leads to decreased viral load in 
animals with incomplete suppression of viral replication [27]. Thus, directly targeting IDO-1 
could prevent the initiation of a vicious cycle of immune activation and allow for more robust 
immune recovery.  

In light of evidence suggesting that certain resident-gut bacteria may augment IDO-1 
destruction of the gut mucosal barrier, targeting the gut microbial community to regulate IDO-
1 activity presents a potential therapeutic opportunity [26]. Administration of Lactobacillus 
johnsonii in rats led to a reduction of serum Kynurenine, which has been shown to reduce 
IDO-1 activity in vitro [28,29]. Additionally, Kynurenine seems to prevent IL-2 signaling, 
impairing the survival of CD4+ T cells [30]. Thus, the introduction of certain microbes into 
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the intestinal tract may bolster the intrinsic immunity of the gut barrier and halt the cycle of 
inflammation in HIV disease progression.  

Decreased microbial species richness has also been associated with increased IDO-1 
activity. Of patients on HAART, those with the highest degree of dysbiosis show the most 
elevated levels of Kynurenine production and plasma IL-6 levels, markers of chronic 
inflammation and disease progression [26]. So, in addition to populating the gut with specific 
bacteria that could modulate the activity of IDO-1, the use of therapeutic interventions that 
increase species richness in the gut may be beneficial [15].  

IDO-1 knockout studies also support the notion that this enzyme may be a master 
regulator of gut immunity and extremely important in HIV disease progression. Mice with an  
IDO-1 gene knockout show enhanced induction of protective antibodies against bacterial 
pathogens and an attenuated intestinal inflammatory response [31]. Additionally, absence of 
IDO-1 has also been shown to suppress viral replication in a retrovirus-infected mouse model 
[32]. IDO-1 is pro-inflammatory and its regulation could decrease gut inflammation and slow 
disease progression in HIV disease.  

 
SUMMARY AND CONCLUSION 

The role of the gut in HIV disease progression is an area of intense interest. While 
antiretroviral therapy has been extremely successful, it fails to consistently encourage 
immune recovery amongst all HIV-infected persons. Emerging evidence confirms that HIV 
infected patients show dramatic changes in the gut mucosa, including alterations of 
community members and increased inflammation. Loss of protective microbial community 
members and increased proportions of pathogenic gut microbes augments the activity of the 
IDO-1 enzyme. This ultimately upends the Treg/Th17 balance at the gut with loss of 
protective Th17 immune cells. Disruption of the mucosal barrier leads to microbial 
translocation and persistent systemic immune activation, activating CD4+ T cells and 
preventing immune recovery.  

This self-perpetuating cycle of dysbiosis and inflammation highlights the possibility of 
targeting a potential master regulator, IDO-1, in HIV therapeutics. IDO-1 activity could be 
modulated with a pharmacological blocker or through the careful administration of gut 
microbes. Preventing the destructive activity of this enzyme would normalize the gut mucosal 
lining, decrease activation of the immune system and allow reconstitution of CD4+ T cell 
populations. It is possible that controlling the activity of IDO-1 could adjunct ART, providing 
the key to HIV eradication. Given the growing body of evidence indicating the importance of 
this enzyme in HIV disease progression, further investigation of the precise molecular 
mechanism through which it is regulated is certainly warranted. 

This area of research is still in its infancy, and the proposed model is a relatively simple 
interpretation of an extremely complex system. Additionally, this model is limited as most 
research into the microbiome focuses exclusively on adults and is therefore unlikely to apply 
to pediatric or geriatric populations. As children account for a significant proportion of newly 
HIV-infected persons, more research into the role of the gut microbiome in HIV infected 
children must be done. Investigation into the role of the microbiome in chronic viral infections 
is becoming an increasingly exciting area of research. As we move into the post-
metagenomics era, we will able to move beyond merely associating microbial species 
presence with cellular markers, and begin to investigate causation.   
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