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HIV-associated Gut Microbiome Differences and Immune Activation are 
Dependent on Host Context 

 

 Abstract 

Even with antiretroviral therapy, individuals infected with Human 

Immunodeficiency Virus (HIV) experience greater mortality than uninfected individuals. 

This mortality is due in large part to inflammation-related non-communicable diseases, 

such as cardiovascular disease and kidney dysfunction, but the causes of the 

underlying inflammation are not fully understood. One proposed driver is the gut 

microbiome, which is essential to human health and involved in many metabolic and 

immune interactions. Recent studies have found HIV-associated disruptions in the gut 

microbial community, but few of these data are derived from subjects in sub-Saharan 

Africa where HIV burden is greatest. We hypothesized that HIV-associated gut 

microbiome differences vary by geography, influencing the relationship with elevated 

host inflammation. To test this, we profiled the gut microbiota and measured serum 

inflammatory markers in more than 700 subjects in rural Mbarara, Uganda; urban 

Gaborone, Botswana; and Boston, USA. Using computational and statistical methods, 

we found that within each geographic cohort, the microbiomes of HIV-infected and -

uninfected individuals exhibited significant differences. In the Ugandan cohort, HIV-

uninfected individuals had communities dominated by the genus Prevotella, while HIV-

infected individuals had relatively lower abundance of Prevotella and a greater 

abundance of taxa including Bifidobacterium and Akkermansia. In contrast, gut 
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communities from HIV-infected individuals in Boston showed increased Prevotella and 

decreased Akkermansia and other taxa relative to HIV-uninfected subjects. Compared 

to the other cohorts, individuals in the Botswanan cohort had both common and distinct 

HIV-associated differences. Within the Boston cohort, sexual practices were an 

interacting factor as men who have sex with men (MSM) exhibited greater HIV-

associated gut microbiome differences. Inflammatory markers were elevated in HIV-

infected individuals in all cohorts and this inflammation was associated with unique 

bacterial taxa in each cohort. We isolated bacteria within the species Prevotella copri 

from individuals across the cohorts and found geographically associated functional 

differences, demonstrating that host context can contribute to microbial differences both 

at high taxonomic levels and within sub-species diversity.  In order to most effectively 

translate HIV-gut microbiome research into opportunities for therapeutic interventions, 

studies should include populations in multiple geographic locations, as we found HIV-

associated changes to be highly context dependent. 
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 The human enteric microbiota 1.1

The human gastrointestinal tract harbors a diverse ecosystem of trillions of 

Bacteria, Archaea, Eukarya, and viruses (Delwart, 2013; Ley et al., 2006b; Norman et 

al., 2014; Virgin, 2014; Virgin and Todd, 2011; Virgin et al., 2009; Wylie et al., 2012), 

which is collectively called the enteric “microbiota” and contains a large aggregate 

genome, referred to as the “microbiome.” Prior work in the gut, which is one of the most 

studied human-associated microbial environments (Human Microbiome Project, 2012), 

has shown that the enteric microbiota are essential participants in many host processes, 

both physiological (Honda and Littman, 2012) and pathological (Cho and Blaser, 2012; 

Friedrich, 2013; Littman and Pamer, 2011). The gut microbiome contains numerous 

genes that enable the synthesis of essential amino acids, methane, vitamins, and 

isoprenoids, in addition to the metabolism of many otherwise indigestible components of 

our diet (Gill et al., 2006; Sousa et al., 2008). The gut microbiota is an important factor 

in host energy balance (the equilibrium between caloric intake and expenditure), as 

different gut microbiome compositions have been found to be responsible for 

differences in metabolic efficiency and ability to extract energy from food, and data 

indicate that these variations can influence whether an individual is obese or lean 

(Peterson and Turnbaugh, 2010; Turnbaugh et al., 2008; Turnbaugh et al., 2006; Vijay-

Kumar et al., 2010; Wen et al., 2008). Conversely, host diet itself can substantially affect 

the composition and function of the microbiota (David et al., 2014; Minot et al., 2011; 

Wu et al., 2011). 

With regards to pathology, the gut microbiome has been associated with a 

variety of human diseases (Cho and Blaser, 2012; Friedrich, 2013; Littman and Pamer, 

2011), including metabolic syndrome (Turnbaugh et al., 2006; Vijay-Kumar et al., 2010; 
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Wen et al., 2008), inflammatory bowel disease (IBD) (Cadwell et al., 2010; Gevers et 

al., 2014; Kostic et al., 2014; Mazmanian et al., 2008; Peterson and Cardona, 2010; 

Peterson and Turnbaugh, 2010; Scher et al., 2015; Willing et al., 2010), and even 

gastrointestinal cancers (Kostic et al., 2013; Vannucci et al., 2008). In general, high 

alpha diversity communities in the gut have been associated with a healthy host while 

low alpha diversity has been described in a number of diseases (Backhed et al., 2012; 

Lyte, 2013; Norman et al., 2015), such as IBD (Gevers et al., 2014; Kostic et al., 2014; 

Scher et al., 2015; Willing et al., 2010), type-1 diabetes mellitus (Kostic et al., 2015), 

obesity (Le Chatelier et al., 2013; Sze and Schloss, 2016), and Clostridium difficile 

infection (Chang et al., 2008; Weingarden et al., 2015), though many other pathologies 

have different relationships with gut community diversity. 

Because the human microbiome has the potential to affect so many aspects of 

human health, it has been the focus of a series of international human microbiome 

projects (Nelson et al., 2010; Qin et al., 2010; Turnbaugh et al., 2007). Laboratories 

engaged in these human microbiome projects are harnessing the falling costs and 

increasing throughput of nucleic acid sequencing to characterize the organisms, genes, 

and functional abilities found in microbial communities across many diverse body 

habitats (Turnbaugh et al., 2007). These endeavors are analogous to the preceding 

Human Genome Project in that they seek to provide a comprehensive overview of one 

aspect of human biology that significantly influences human health. 

 Relationship between the enteric microbiota and host immune system 1.2

The host immune system acts as an essential curator for this luminal enteric 

microbial community, serving to shape and control the structure and function of this 
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diverse collection of organisms (Hooper et al., 2012; Thaiss et al., 2016; Zhang and Luo, 

2015). Antimicrobial peptides like the REG3 family of C-type lectins and host secreted 

immunoglobulin A (IgA) preferentially select for certain bacteria within gut microbial 

communities (Peterson et al., 2007; Vaishnava et al., 2011). Small molecules are also 

part of the host arsenal, as secreted bile acids act as bactericidal surfactants and are 

able to selectively inhibit susceptible organisms and change enteric microbial 

composition (Islam et al., 2011). The growth of desired commensal organisms can also 

be supported through production of a wide variety of carbohydrates present in host 

glycans (Koropatkin et al., 2012), and host secretion of specific carbohydrates in forms 

such as fucosylated proteins (Pickard et al., 2014). 

While the host immune system influences the gut microbial community, there is 

also a reciprocal process of resident microbes modulating the host immune milieu that 

contributes to physiological immune development (Honda and Littman, 2012). In one 

example of bacterial action on the host, members of the genera Bacteroides, 

Bifidobacterium, and Lactobacillus as well as the class Clostridia have been shown to 

induce the differentiation of regulatory T cells (Tregs) in the gut mucosa (Atarashi et al., 

2013; Atarashi et al., 2011; Furusawa et al., 2013; Tanoue et al., 2016). These cells 

produce anti-inflammatory cytokines such as interleukin-10 (IL-10) and dampen host 

inflammation (Donaldson et al., 2016; Tanoue et al., 2016). Some of these bacterial-

associated effects are mediated by secreted bacterial products, including the capsule 

component polysaccharide A (PSA) from Bacteroides fragilis (Round and Mazmanian, 

2010) and short-chain fatty acid (SCFA) metabolites produced by members of the class 

Clostridia (Atarashi et al., 2013). 
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The gut microbiota can also dramatically impact the development of other T 

helper lineages. In mice, segmented filamentous bacteria (SFB) of the class 

Lachnospiraceae have been shown to regulate expansion of the enteric Th17 T cell 

compartment, which is important for homeostasis of the immune-microbiota interface 

but can also lead to autoimmune disease in certain contexts (Ivanov et al., 2009). These 

examples of host immune modulations mediated by gut microbiota, often through 

secreted bacterial products, provide motivation for searching for similar 

immunomodulatory mechanisms, as these mechanisms could be leveraged to improve 

human health. 

 Chronic systemic immune activation in HIV Infection 1.3

Globally, nearly 37 million people are infected with human immunodeficiency 

virus-1 (HIV), and this population is highly concentrated in sub-Saharan Africa (UNAIDS, 

2018). HIV targets and destroys host CD4+ T cells, eventually progressing into the 

development of acquired immunodeficiency syndrome (AIDS), which is reached when a 

patient has fewer than 200 CD4+ T cells/µl present in their systemic circulation or they 

develop an AIDS-defining opportunistic infection or cancer (Selik et al., 2014). 

Despite advancements in HIV antiretroviral therapy (ART), average life 

expectancy of HIV-infected individuals on treatment is significantly less than that of 

uninfected persons (Table 1.1) (Collaboration of Observational et al., 2012; Egger et al., 

2002; Katz and Maughan-Brown, 2017). The ART Cohort Collaboration Study found 

that deaths were due largely to inflammation-related non-communicable diseases 

(NCD), such as stroke, long-bone fractures, cardiovascular disease (CVD), and renal 

dysfunction (Centers for Disease Control and Prevention, 2008; Egger et al., 2002; 
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Lewden et al., 2007; Lohse et al., 2007; Triant et al., 2008). In a cohort of HIV-infected 

Ugandans, a 1.6 fold increased hazard of death was associated with each 10% 

increase in CD8+ T-cell activation following initial viral suppression with ART (Hunt et 

al., 2011). HIV infection also frequently correlates with increased tissue and circulating 

measures of inflammation (e.g. circulating soluble CD14 [sCD14] and IL-6, tissue 

CD38+HLA-DR+CD8+ T-cells) (Brenchley et al., 2006; Cassol et al., 2010; Sandler et 

al., 2011) and these measures of inflammation are associated with mortality in multiple 

populations (Tables 1.2 and 1.3) (Hunt et al., 2014; Lee et al., 2017). CVD, which 

constitutes a large proportion of HIV-associated NCD (Muyanja et al., 2015; Okello et 

al., 2015; Siedner et al., 2016a), is increased in HIV infection (Table 1.4) (Chow et al., 

2012; Freiberg et al., 2013; Grunfeld et al., 2009; Marcus et al., 2014; Triant et al., 

2007) and associated with systemic immune activation as measured by markers such 

as serum IL-6, soluble CD163 (sCD163) and C-reactive protein (CRP) (Duprez et al., 

2012; McKibben et al., 2015; Ross et al., 2009; Subramanian et al., 2012; Triant and 

Grinspoon, 2011; Triant et al., 2009). 

Further supporting the connection between systemic inflammation and chronic 

HIV pathogenesis, individuals with the highest degree of persistent elevated immune 

activation while on suppressive ART experience higher overall mortality, even with 

CD4+ T-cell reconstitution greater than 500 cells/µl (Hunt, 2012; Tien et al., 2010). 

Although systemic immune activation declines after initiation of ART, it remains 

persistently elevated compared to HIV-uninfected subjects in the majority of subjects 

even after years of therapy (Gandhi et al., 2006; Goicoechea et al., 2006; Hunt et al., 
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2003) and has also been observed in individuals with undetectable viral loads (Hunt et 

al., 2008).  
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Table 1.1: Increased mortality rate in ART-treated HIV-infected individuals. Standardized 
mortality ratio (observed/expected deaths) and excess mortality rates in HIV-infected individuals 
with CD4+ T cell count greater than 500/µl after ART initiation according to gender and age. 
SMR was significantly greater than one for all but the oldest age groups. PY: person-years, 
SMR: standardized mortality ratio, n = 35,516. Adapted from (Collaboration of Observational et 
al., 2012). 

 

 
 
 

Table 1.2: Soluble biomarkers of inflammation predict mortality in American Cohort. 
Soluble biomarker predictors of mortality among 192 participants in the Longitudinal Study of 
the Ocular Complications of AIDS who had ART-suppressed HIV infection. All four biomarkers 
shown are associated with a significant increase in odds-ratio (OR) of death. Adapted from 
(Hunt et al., 2014) 
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Table 1.3: Soluble biomarkers of inflammation predict mortality in Ugandan Cohort. 
Predictors of late mortality among 457 HIV-infected Ugandans with a plasma HIV RNA load less 
than 400 copies/mL by month 6 of ART. Multiple biomarkers, including IL-6 and sCD14, were 
associated with a significantly increased hazard ratio (HR) of death using different regression 
models. From (Lee et al., 2017). 

 

 
 
 
 
 
Table 1.4: HIV independently increases CVD risk. HIV infection and the risk of acute 
myocardial infarction (MI). HIV infection was independently associated with a hazard ratio of 
acute MI on the scale similar to that measured from hypertension, diabetes mellitus, and 
smoking. Total n = 82,459 (55,109 HIV-uninfected, 27,350 HIV-infected). Adapted from 
(Freiberg et al., 2013). 

 

 
  

Characteristic Acute MI Hazard Ratio (95% CI) 
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 Effects of HIV infection on the enteric microbiome 1.4

HIV infection leads to the widespread destruction of host immune function 

(Andrews and Koup, 1996; Okoye and Picker, 2013), including the rapid and profound 

depletion of CD4+ T-cells within gut associated lymphoid tissue (GALT) (Brenchley et 

al., 2004; Douek et al., 2009; Klatt et al., 2008; Sandler and Douek, 2012). Early in HIV 

infection the GALT is a critical reservoir of viral replication and substantial CD4+ T-cell 

depletion (80-90%) (Brenchley et al., 2004; Clayton et al., 1997; Heise et al., 1994; Li et 

al., 2005; Mattapallil et al., 2005; Mehandru et al., 2004; Schneider et al., 1996; Schuetz 

et al., 2014; Veazey et al., 1998). This depletion is attributed to the widespread surface 

expression of CCR5 on gastrointestinal T-cells, which serves as the coreceptor for HIV 

entry early on in infection (Brenchley et al., 2004; Okoye and Picker, 2013). Even after 

successful control of systemic HIV replication with ART, immune recovery in the GI tract 

can be variable (Maartens et al., 2014). 

 As could be predicted from the loss of mucosal immune cells that normally serve 

to maintain homeostasis with the microbiota (Hooper et al., 2012; Hooper and 

Macpherson, 2010; Pickard et al., 2014), changes in the enteric microbial community 

have been reported during HIV infection (Table 1.5). Comparative studies between HIV-

infected and uninfected individuals have differed in methods and patient populations 

studied (Table 1.6) and found a wide spectrum of differences associated with HIV 

infection (Table 1.5). However, several overarching themes have emerged. HIV-

infected individuals often have reduced alpha diversity of their enteric microbiome, 

which, as previously mentioned, is also observed in a number of pathologies such as 

IBD (Gevers et al., 2014; Kostic et al., 2014; Scher et al., 2015; Willing et al., 2010), 

type-1 diabetes mellitus (Kostic et al., 2015), obesity (Le Chatelier et al., 2013; Sze and 
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Schloss, 2016), and Clostridium difficile infection (Chang et al., 2008; Weingarden et al., 

2015). Also frequently observed are increases in traditionally pathogenic bacteria such 

as Enterobacteriaceae (Bender et al., 2016; Dinh et al., 2015; Dubourg et al., 2016; Ling 

et al., 2016; Monaco et al., 2016; Mutlu et al., 2014; Vujkovic-Cvijin et al., 2013) and 

decreases in commensals such as Lactobacillaceae, Lachnospiraceae, and 

Ruminococcaceae (Dillon et al., 2014; Dillon et al., 2016; Dubourg et al., 2016; Ellis et 

al., 2011; Gori et al., 2008; McHardy et al., 2013; Monaco et al., 2016; Mutlu et al., 

2014; Nowak et al., 2015; Sun et al., 2016; Vázquez-Castellanos et al., 2015; Vujkovic-

Cvijin et al., 2013; Yu et al., 2014). Many studies have found increases in members of 

the genus Prevotella in HIV-infected individuals and speculate that this is associated 

with an elevated inflammatory state (Lozupone et al., 2013; Lozupone et al., 2014). 

Further detail about studies conducted on the gut microbiome in HIV is provided in 

Appendix 1. 
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Table 1.5. Alterations in the gut microbiota reported in HIV microbiome studies 
Bracketed letter indicates taxonomic level of classification (e.g. [p] indicates phylum), 
parenthetical taxa indicate subtaxa that commonly drive significance of parent taxa. 
aProteobacteria class indicated by corresponding Greek letter (e.g. β for Betaproteobacteria). 
bDashes denote studies that did not report alpha diversity. 
cMicrobial changes observed in HIV positive subjects with less than 200 CD4+ T cells/µL. 
Adapted from (Gootenberg et al., 2017) 
Data assembled from (Armstrong et al., 2018; Dillon et al., 2017; Dillon et al., 2014; Dillon et 
al., 2016; Dinh et al., 2015; Dubourg et al., 2016; Hoel et al., 2018; Lee et al., 2018; Ling et 
al., 2016; Liu et al., 2019; Lozupone et al., 2013; Lozupone et al., 2014; Lu et al., 2018; 
Maurice et al., 2019; McHardy et al., 2013; Monaco et al., 2016; Mutlu et al., 2014; Neff et 
al., 2018; Noguera-Julian et al., 2016; Nowak et al., 2015; Nowak et al., 2017; Pinto-Cardoso 
et al., 2017; Qing et al., 2018; San-Juan-Vergara et al., 2018; Serrano-Villar et al., 2017; 
Sessa et al., 2019; Sun et al., 2016; Vazquez-Castellanos et al., 2018; Vázquez-Castellanos 
et al., 2015; Vesterbacka et al., 2017; Villanueva-Millan et al., 2017; Vujkovic-Cvijin et al., 
2013; Williams et al., 2019; Yang et al., 2016; Yu et al., 2014; Zhou et al., 2018b) 
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Table 1.5 (Continued) 
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Table 1.6. Study design and patient metadata in HIV microbiome studies. 
*CD4 counts (cells/µL) displayed as median (range [not notated in table]) median (IQR), or 
mean±standard deviation. †Sex composition of clinical subject groups not specified. 
aThe same patient cohort was used for both (Lozupone et al., 2013; Lozupone et al., 2014). 
Displayed is patient information from (Lozupone et al., 2014), which included 14 additional 
subjects on ART, 1 chronic progressor, and 2 HIV negative controls. Proportion of males 
versus females in each clinical group is only described in (Lozupone et al., 2013) 
(male/female: 8/5 seronegative; 11/0 HIV+ untreated; 7/1 HIV+ treated). 
bFecal microbiome data only obtained for HIV seronegative unexposed and exposed infants. 
Bender et al. 2016 included 100 total subjects (50 mother-infant pairs: 25 HIV negative 
mothers and 25 HIV positive mothers on long-term ART) 
cThe HIV positive group has a total of 31 individuals, including 22 males and 9 females, 
specific clinical group not specified 
dThe red box outlines the only two studies to date that investigated the relationship between 
gut microbiota and HIV in a sub-Saharan African cohort. 
eImmunological responders (IR) and non-responders (INR) defined as having ≥350 and <350 
CD4+ T-Cell counts/µL, respectively, after >2 years of ART. 
Adapted from (Gootenberg et al., 2017). Data assembled from sources cited in Table 1.5. 
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Table 1.6 (Continued) 
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While there are overarching patterns that have emerged from these studies of 

HIV-associated microbial changes, a meta-analysis of a subset of these studies showed 

conflicting results and preliminarily concluded that no consensus could be reached on 

which bacterial genera were associated with HIV (Duvallet et al., 2017). Coupled with 

this is a need to more finely examine the taxa differentially abundant in HIV infection, 

since meaningful functional variation can often occur at the species or strain level rather 

than the family or genera level (Ahern et al., 2014; Faith et al., 2015; Ley, 2016). 16S 

rRNA gene sequencing cannot reliably provide this taxonomic resolution, creating a role 

for techniques such as shotgun metagenomic sequencing, which could detect strain or 

gene content variation, or isolation and full genome sequencing of microbes of interest. 

 Potential role of HIV-associated gut microbial changes in HIV disease progression 1.5

HIV-associated gut microbiome changes are frequently linked to systemic host 

inflammation and immune activation measured by circulating levels of the 

monocyte/macrophage membrane protein sCD14 as well as the marker of enteric 

epithelial disruption fatty-acid binding protein 2 (FABP2). CD14 functions as an LPS co-

receptor (Kitchens, 2000; Ranoa et al., 2013; Tapping and Tobias, 2000) by forming a 

complex with LPS-binding protein, Toll-like receptor (TLR) 4, and MD-2 (Thomas et al., 

2002; Yu and Wright, 1995) and can be shed as a soluble form (sCD14) that can act as 

a marker of intestinal barrier dysfunction and bacterial translocation (Brenchley and 

Douek, 2012; Brenchley et al., 2006; Jiang et al., 2009). 

In light of these data and role of the enteric microbiome in many inflammation-

associated pathologies such as diabetes mellitus, obesity, and IBD (Cadwell et al., 

2010; Cho and Blaser, 2012; Friedrich, 2013; Gevers et al., 2014; Kostic et al., 2015; 
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Kostic et al., 2014; Le Chatelier et al., 2013; Littman and Pamer, 2011; Mazmanian et 

al., 2008; Peterson and Cardona, 2010; Peterson and Turnbaugh, 2010; Scher et al., 

2015; Sze and Schloss, 2016; Willing et al., 2010), it has been proposed that HIV-

associated microbiome shifts could contribute to inflammation-related NCD that are 

responsible for a large share of the increased mortality observed during chronic HIV 

infection (Centers for Disease Control and Prevention, 2008; Egger et al., 2002; 

Guaraldi et al., 2011; Lewden et al., 2007; Lohse et al., 2007; Reid et al., 2012).  

One leading model is that the combined changes in the enteric immune system 

and microbial community could disrupt the balance of metabolic functions performed by 

the microbiota, such as short-chain fatty acid or bile acid metabolism (Brenchley and 

Douek, 2012a), or cause increased translocation of bacterial products into the systemic 

circulation (Brenchley et al., 2006). These insults to microbial metabolism and 

translocation of harmful bacterial products could lead to epithelial damage and chronic 

systemic inflammation (Brenchley and Douek, 2012; Brenchley et al., 2006; Dinh et al., 

2015; Douek et al., 2009; Jiang et al., 2009; Reus et al., 2013; Sandler and Douek, 

2012). With regard to metabolic imbalances, elevated plasma kynurenine, a tryptophan 

metabolite, has been found to be associated with CD8+ T-cell activation (Jenabian et al., 

2015) and mortality (Hunt et al., 2014) in HIV-infected individuals. Additionally, HIV 

infection was associated with the presence of a gut microbial community with the 

genetic capacity to metabolize tryptophan into kynurenine and demonstrated kynurenine 

production in vitro (Vujkovic-Cvijin et al., 2013). 

In relation to immune dysfunction, certain lymphocyte subsets are essential to 

the maintenance of enteric epithelial integrity (e.g. IL-22-producing ILC3 and Th17 cells 
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(Maloy and Kullberg, 2008; Thaiss et al., 2016)), so their destruction by HIV and the 

subsequent loss of immune surveillance may result in impaired intestinal epithelial 

barrier function, increased gut permeability, and further translocation of gut bacterial 

products into systemic circulation (Brenchley et al., 2006; Sandler and Douek, 2012). 

Translocated bacterial products could trigger persistent systemic immune activation and 

drive turnover of CD4+ and CD8+ T-cells leading to clonal exhaustion and progressive 

impairment of T-cell function (Torres et al., 2014). HIV-associated chronic systemic 

immune activation, secondary to a loss of gut epithelial homeostasis, may then lead to 

disease progression in both treated and untreated HIV infection. This model is 

supported by data showing that circulating levels of LPS, a bacterial product known to 

elicit an innate immune response by binding host TLRs (Cani et al., 2007), increase 

significantly as HIV infection progresses (Marchetti et al., 2013), though initiation of ART 

lowers circulating LPS levels (Brenchley et al., 2006). Individuals with both treated and 

untreated HIV infection, however, exhibit elevated serum levels of bacterial LPS and 

systemic inflammation relative to uninfected controls (Figure 1.1) (Brenchley et al., 

2006; Cassol et al., 2010; Sandler et al., 2011). These phenomena may contribute to or 

synergize with the gastrointestinal (GI) sequelae that individuals experience when 

infected with HIV, including an enteropathy characterized by increased inflammation, 

diarrhea, and malabsorption (Brenchley, 2013). 
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Figure 1.1: Plasma LPS and associated CD8+ T cell activation increase with HIV disease 
severity. (A) Plasma levels of LPS are increased significantly in chronic HIV and further 
increase in progression to AIDS. (B) Increasing plasma LPS correlates with increased CD8+ T 
cell activation as measured by CD38 and HLA-DR positivity. Adapted from (Brenchley et al., 
2006). 
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In an analogous paradigm of metabolic dysfunction independent of HIV, the 

enteric microbiome has been shown to drive CVD pathogenesis by transforming dietary 

constituents such as phosphatidylcholine and bile acids into reactive intermediates such 

as trimethylamine N-oxide (TMAO) that can lead to macrophage and platelet activation, 

thrombosis, and arterial plaque formation (Figure 1.2) (Brown and Hazen, 2015; Koeth 

et al., 2014; Koeth et al., 2013; Wang et al., 2011; Zhu et al., 2016). Similarly, more 

direct microbiota-immune interactions have been associated with CVD in HIV-

uninfected individuals, as microbiota-induced immune activation and inflammation has 

been shown to precipitate CVD pathogenesis (Figure 1.2) (Fisher et al., 2012; 

Khovidhunkit et al., 2004; Neves et al., 2013; Yuan et al., 2013). The HIV-associated 

findings of metabolic disruption such as kynurenine production and LPS-related immune 

activation suggest that pathology leading to CVD like that described above could occur 

in HIV as well, contributing to increased chronic mortality. 
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Figure 1.2: Models of enteric microbial induction of inflammation and CVD via immune or 
metabolic mechanisms. The microbiota could contribute to systemic inflammation and CVD by 
direct immune (green) or metabolic dysfunction (blue) mechanisms. In the direct immune 
mechanism, immune cells are activated by inflammatory bacterial products that translocate into 
systemic circulation. In the metabolic dysfunction mechanism, inflammatory molecules like 
TMAO are produced and this is coupled with the loss of commensal or anti-inflammatory 
function such as the production of SCFA. TMA: trimethylamine, TMAO: trimethylamine N-oxide, 
FMO: flavin-containing monooxygenase, SCFA: short-chain fatty acid, BA: bile acid (1˚: primary, 
2˚: secondary), BAT: brown adipose tissue, HDAC: histone deacetylase, GPCR: G-coupled 
protein receptor. Adapted from (Brown and Hazen, 2015). 
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Because the microbiota has been demonstrated to contribute to host 

inflammation in both HIV-infected and -uninfected individuals through many 

mechanisms, further investigation of microbial changes associated with HIV infection 

has the potential to aid in the development of therapeutic interventions that could 

improve many of the previously mentioned pathologic inflammation-associated 

consequences of chronic HIV infection. 

 Geographical context for HIV-associated bacterial microbiota differences 1.6

Most current work investigating HIV and the enteric microbiome has focused on 

populations in industrialized high-income countries (HIC) (Figure 1.3 and Table 1.6), as 

opposed to non-industrialized low-income countries (LIC) where HIV burden is greatest 

(UNAIDS, 2018). Since the burden of NCD in chronic HIV, most notably CVD, is 

growing rapidly in the HIV-positive population in sub-Saharan Africa (Hirschhorn et al., 

2012; Hontelez et al., 2012; Justice and Braithwaite, 2012; Mills et al., 2012), this region 

could potentially benefit from the deployment of microbiota-directed therapeutics. 

However, there could be substantial obstacles to translating results from patients in 

HICs to those in LICs, as some of the greatest interpersonal variation in the community 

structure of human gut microbial communities is found between individuals in HICs and 

LICs (Figure 1.4A) (Smits et al., 2017). 
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Figure 1.3: Locations of studies of HIV and the enteric microbiome in adults. A large 
majority of HIV-enteric microbiome studies have been conducted in HICs that are not the 
hardest hit by the HIV epidemic. Countries are shaded by HIV prevalence. Blue pins indicate 
locations of currently published studies. Locations with multiple studies have the number of 
studies indicated within the pin. Further data is available in Tables 1.5 and 1.6. Pink pins 
indicate the three cohorts discussed in Chapter 3 of this dissertation. Adapted from (Gootenberg 
et al., 2017) using data and map from (Global Burden of Disease Collaborative Network, 2018; 
Roser and Ritchie, 2019). 
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Figure 1.4: Meta-analysis of gut microbiome studies conducted across a wide range of 
geographies. (A) Bray-Curtis dissimilarity PCoA (center panel) based on 2064 microbial 
community compositions described at the family taxonomic level across populations. Each circle 
represents the placement of a microbial community projected in a subspace that maximizes the 
variance of the underlying taxonomic data; colors correspond to populations in the top panel. 
Boxplots (top panel) indicate the distribution of each population along the first principal 
coordinate (PCo1). Boxplots (left panel) depict the distribution of age (in years) according to gut 
microbial community placement on PCo2. Geography, as measured by study location, 
correlated highly with PCo1, the axis of greatest inter-sample variation. More rural and less-
industrialized populations concentrated in LICs cluster on the left side of the figure while more 
urban and industrialized populations in HICs cluster on the right side of the figure. (B) Density 
plots of the moving average of seven taxa along PCo1, with a scale from zero to the maximum 
moving average. Adapted from (Smits et al., 2017).  
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The overall microbiota differences observed between HIV-infected individuals 

and uninfected individuals (Lozupone et al., 2013; Lozupone et al., 2014), especially the 

observations that HIV-infected individuals have increased abundances of organisms 

within the genus Prevotella, mirror some differences seen at baseline between 

populations in HICs and LICs. The gut microbiomes of subjects in HICs such as the 

United States or Western European countries are frequently characterized by higher 

abundances of organisms in the genus Bacteroides, Bifidobacterium, and 

Ruminococcus while those in LICs in Africa or South America have higher abundances 

of organisms in the genus Prevotella, Succinivibrio, and Treponema (Figure 1.4B) (De 

Filippo et al., 2010; Gomez et al., 2016; Gorvitovskaia et al., 2016; Lozupone et al., 

2013; Martinez et al., 2015; Obregon-Tito et al., 2015; Schnorr et al., 2014; Smits et al., 

2017; Wu et al., 2011; Yatsunenko et al., 2012). It is currently thought that the 

differences between HIC and LIC microbiota are highly related to the corresponding 

dietary differences, with greater consumption of fat and simple carbohydrates in HICs 

and greater consumption of more complex carbohydrates in LICs (David et al., 2014; 

Kovatcheva-Datchary et al., 2015; Wu et al., 2011). Recent findings indicate that an 

individual’s degree of urbanization may contribute greatly to these geographical 

differences in the microbiome (Ayeni et al., 2018; Winglee et al., 2017). The 

observations that a Prevotellaceae-rich community is frequently observed in healthy 

individuals in LICs such as Burkina Faso, Venezuela, Malawi, or Papua New Guinea 

argue against the simple conclusion that defined HIV-associated taxa changes in the 

gut microbiota (e.g. an increase in Prevotellaceae and a decrease in Firmicutes) alone 

are responsible for chronic inflammation and pathology in HIV-infected individuals. 
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Rather, these potentially conflicting observations suggest a more complex relationship 

wherein a mismatch between the extant taxa and their host context causes 

inflammation (Lozupone et al., 2014). One possible example of this mismatch might be 

a microbial community that is inappropriate for the host diet and as a result produces 

inflammatory metabolites from these dietary constituents. This “context-dependent” 

model of microbial-driven systemic inflammation would further heighten the need to 

study HIV-associated microbial differences in appropriate populations, as therapeutic 

interventions constructed from data originating from one population may be poorly 

suited for application in a population with a different microbial and environmental milieu. 

 MSM in HIV and microbiota associations 1.7

In industrialized countries, men who have sex with men (MSM) are 

overrepresented in the population of people living with HIV. In the United States, MSM 

account for more than half of the estimated 1.1 million people living with diagnosed and 

undiagnosed HIV and comprise the majority of new HIV diagnoses (Centers for Disease 

Control and Prevention, 2019). On a more global scale, MSM sexual contact is the most 

significant risk factor for HIV acquisition in many HIC especially the United States and 

Western Europe (Fettig et al., 2014).  

In this context, MSM as a population are disproportionately affected by HIV 

infection and could greatly benefit from microbiota-targeted strategies that could 

alleviate chronic symptoms and improve survival in HIV. However, analogous to how 

individuals in LICs have a significantly different baseline microbiota from most “healthy 

controls” in HICs, there is a growing body of evidence that MSM have a characteristic 

enteric microbial community. While there are numerous microbial differences that set 
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the gut microbiome of MSM apart from that of “healthy controls” in HICs, one of the 

most defining factors is the relative enrichment of bacteria within the Prevotellaceae 

family (Armstrong et al., 2018; Fulcher et al., 2018; Kehrmann et al., 2019; Kelley et al., 

2017; Noguera-Julian et al., 2016; Nowak et al., 2019; Nowak et al., 2017; Pescatore et 

al., 2018). This difference is interestingly similar to those that exist between individuals 

living in LICs and HICs.  

Investigation into the mechanism underlying these MSM-specific microbial 

communities has begun to produce data that provides insight into this phenomenon. 

Hyperosmolar sexual lubricants, which are frequently used during receptive anal 

intercourse and contain numerous solutes such as salts and carbohydrates, have been 

shown in a human trial to alter the rectal microbiome (Haaland et al., 2018). Two 

observational studies of sexual behavior and the microbiome found that condomless 

receptive anal intercourse in MSM was associated with significant changes in the rectal 

microbiome (Kelley et al., 2017; Pescatore et al., 2018). Two studies that probed sexual 

behavior and the microbiome proposed that sexual practices might underlie MSM-

associated differences, though the specific sexual practices were not delineated in finer 

detail (Fulcher et al., 2018; Kenyon and Osbak, 2014). Another study that characterized 

MSM-associated microbial differences found that MSM reported a diet with more lean 

red meat, fewer servings of fruit, and less dietary fiber, possibly suggesting that diet 

could contribute to the observed enteric microbiota differences, though diet was not 

independently associated with major microbiota differences in linear modeling 

(Armstrong et al., 2018). While there is still much work to be done examining the 

mechanism accounting for MSM-characteristic gut microbial communities, the proposed 
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factors of sexual lubricant use, receptive anal intercourse, and diet are promising 

preliminary candidates for further investigation. 

The prevailing observation that the gut microbiome of MSM is enriched for 

Prevotella means that this community is quite similar to that commonly found in 

individuals living in LICs and to that preliminarily proposed to be associated with HIV 

infection. Because MSM are significantly enriched within people living with HIV in HICs, 

the observed microbial community similarities may precipitate confounding of these 

associations and could be contributing to the varied findings and disagreements among 

studies of HIV and the gut microbiome (Duvallet et al., 2017; Noguera-Julian et al., 

2016). Therefore, analogous to the need to characterize the gut microbiome of both 

HIV-infected and HIV-uninfected individuals in sub-Saharan African countries, there is 

an imperative to probe the gut microbial communities of both HIV-infected and HIV-

uninfected MSM so as to better target this research towards producing findings that will 

be more applicable to those populations of greatest need in the context of the global 

HIV epidemic. 

 HIV-associated microbiome differences and body sampling site 1.8

Some of the variation in the findings among HIV-microbiome studies may be 

attributed to the differences in body site sampled and sampling methodology. The 

predominant collection method was stool sampling (Table 1.6), which may be most 

representative of the luminal microbial community, though anal swabs and washings or 

mucosal biopsies were also used. Independent of HIV, mucosal and luminal microbial 

communities have been shown to differ by varying degrees (Bajaj et al., 2012; Eckburg 

et al., 2005; Morgan et al., 2012; Stearns et al., 2011; Yasuda et al., 2015; Zoetendal et 
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al., 2002), though in some contexts, the mucosal and luminal communities correlate 

strongly and are representative of one another (Yasuda et al., 2015). With regard to 

functional differences, facultative anaerobes have been found to be more abundant in 

mucosal-associated environments, while obligate anaerobes are more prevalent in the 

gut lumen (Yasuda et al., 2015). Studies of the HIV-associated microbiota that used 

both mucosal- and luminal-targeted sampling techniques (Dillon et al., 2014; Dillon et 

al., 2016; Mutlu et al., 2014) found a variety of differences between these techniques. In 

the most concordant finding, the two sampling sites produced similar conclusions, with 

most taxa showing the same patterns of HIV-associated enrichment or depletion at both 

sampling sites (Tables 1.5 and 1.6) (Mutlu et al., 2014). However, the HIV-associated 

reduction in alpha diversity was more pronounced in mucosa than stool samples. Other 

studies found greater variation in the HIV-associated differences by body site. For 

instance, Dillon et al. 2016 detected an HIV-associated increase in abundance of 

Prevotellaceae at both sampling sites, but only observed HIV-associated decreases in 

taxa in the phyla Bacteroidetes and Firmicutes and increases in Proteobacteria in the 

mucosal samples (Dillon et al., 2016).  The study with the greatest discordance between 

mucosal and luminal findings observed many more HIV-associated differences in 

mucosal-associated communities than luminal communities (Dillon et al., 2014). In 

addition, mucosal community composition changes were more closely associated with 

mucosal cellular immune activation. These results suggest that mucosal findings may 

be more sensitive or representative of the causative community, possibly because these 

microorganisms are in the closest contact with epithelial cells and immune cells. These 

advantages, however, must be weighed against the relative difficulty of obtaining 
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mucosal samples, especially in resource-limited settings or large cohort studies. Greater 

coordination of methodologies would allow more robust analysis of multiple studies and 

potentially reconcile conflicting conclusions. 

 Examining HIV-associated microbiota differences in different host contexts 1.9

The role of enteric microbial changes in HIV disease progression has been the 

focus of increasing investigation. Models regarding the connections between gut 

microbiome changes and chronic HIV pathogenesis hypothesize a role for gut epithelial 

damage and systemic immune activation as an intermediate mechanism. Investigations 

into HIV-associated differences in the gut microbial community have found varied 

changes, but a few overall consistent patterns have emerged. In general, HIV infection 

in HICs is associated with decreases in many bacterial families within the phyla 

Bacteroidetes and Firmicutes as well as increases in the family Prevotellaceae and 

families within the phyla Proteobacteria and Fusobacteria. This community shift implies 

an overall pathogenic or pro-inflammatory outcome based on the functions of the 

differentially abundant microorganisms, but this causative relationship has not been 

conclusively shown and bacterial behavior can vary widely based on context. 

The heterogeneity of the conclusions drawn to date within this field may be due 

in part to the variation in study populations and methods employed (Table 1.6). Clinical 

application of this research has struggled and microbiota-targeted probiotic 

interventions have produced mixed results, with some therapeutics reducing 

inflammatory markers and others lacking efficacy (Cunningham-Rundles et al., 2011; 

d'Ettorre et al., 2015; González-Hernández et al., 2012; Hummelen et al., 2011; Irvine et 

al., 2010; Miller et al., 2016; Monachese et al., 2011; Reid, 2010; Schunter et al., 2012; 
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Stiksrud et al., 2015; Villar-Garcia et al., 2015). In light of the current findings of HIV-

associated Prevotellaceae enrichment and the great abundance of this bacterial family 

in LIC populations that constitute the majority of HIV-infected individuals, there is a dire 

need for further examination of HIV-associated gut microbial differences in non-

industrialized populations. It is possible that therapeutic strategies that consider 

Prevotellaceae enrichment a pathogenic state would be ill suited for HIV-infected 

individuals in LIC. Further understanding of the enteric microbial changes associated 

with HIV infection, especially among LIC populations that bear the greatest burden of 

HIV infection, is therefore necessary to design therapeutic strategies that could alleviate 

the sequelae of systemic inflammation and NCD in chronic HIV infection. 

To address these prior shortcomings, here we examine the effect of HIV on the 

enteric bacterial microbiome in three distinct geographical locations spanning two 

continents, representing regions that are particularly relevant to the current HIV 

epidemic. We demonstrate that there are unique HIV-associated gut microbial 

differences at each location, both at the whole-community and individual taxa levels. 

These microbial differences also coincide with differences in the relationship between 

microbial taxa and host inflammatory markers. Taken together, these findings suggest 

that HIV infection could alter anti-inflammatory microbial functions and allow the 

emergence of new functions, though all of these effects are highly context-dependent 

on the pre-existing gut microbial community. This model has significant implications for 

efforts that aim to translate the results of HIV-microbiome studies between different 

geographical locations. 
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 Need for investigation of HIV-gut microbiome association in sub-Saharan Africa 2.1

Despite the unequal burden of HIV in developing regions of sub-Saharan Africa 

(HIV/AIDS, 2013) and the substantial known differences in baseline gut microbiome 

between individuals in HICs and LICs (Smits et al., 2017), prior to 2016 no studies of 

HIV infection and gut microbiome composition had been undertaken in Africa (Table 

1.6). In contrast, nine studies had been conducted in HICs, predominantly in North 

America and Europe. The overarching conclusions arising from these studies had 

begun to coalesce around a model in which bacteria from the genus Prevotella were 

increased in abundance in HIV-infected individuals relative to uninfected controls and 

that these Prevotella were acting in a pro-inflammatory role. However, this conclusion 

would seem paradoxical in light of the fact that Prevotella comprise a large fraction of 

the baseline microbiota of healthy individuals in lower-income countries and less-

urbanized areas (De Filippo et al., 2010; Smits et al., 2017). This discordance between 

quantity of investigation and prevalence of HIV infection had the potential to lead to 

situations in which interventions derived from gut microbiome studies conducted in high-

income countries might not be efficacious in low-income countries, where therapies to 

alleviate HIV infection are most desperately needed. 

To remedy this oversight, we partnered with colleagues in the MGH Global Health 

Division to investigate the gut microbiota of HIV-infected and -uninfected individuals 

living in the rural region surrounding the city of Mbarara in Southwestern Uganda. The 

following data is in large part presented in (Monaco et al., 2016), which also covered the 

viral component of the gut microbiota (virome). I did not participate in the generation 

and analysis of data pertaining to virome investigation in this paper and as such those 

findings will not be included in this chapter. 
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 Characteristics of the first Ugandan cohort 2.2

Under the auspices of the Uganda AIDS Rural Treatment Outcomes (UARTO) 

study, 40 HIV-infected subjects on antiretroviral therapy (ART; “HIV-treated”) and 42 

HIV-infected, ART-untreated (“HIV-untreated”) subjects were recruited at the Immune 

Suppression Syndrome Clinic at Mbarara Regional Referral Hospital. A comparison 

group of 40 HIV-uninfected subjects (“HIV-uninfected”) was recruited from individuals 

who had recently received a negative HIV test result at the HIV testing clinic (Figure 2.1 

and Table 2.1).  
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Figure 2.1: Study design and geographic location. The location of the city of Mbarara in 
southwestern Uganda is indicated with a star. The HIV and ART treatment statuses of the 
members of the cohort are shown below. Figure from (Monaco et al., 2016). 
  

near-full-length adenovirus genomes with high sequence iden-
tity to human adenovirus D were identified (Figure 2A). Three
fecal samples contained multiple adenoviruses. Twelve unique
full-length papillomavirus genomes were obtained from one
HIV-positive, untreated subject (Figure 2B, Table S2).

The number of unique Anelloviridae-assigned sequences
positively correlated with the genome copy numbers of anellovi-
ruses as measured by quantitative real-time PCR analysis
(qPCR) (Figure 2C, p < 0.0001). qPCR detected anelloviruses
in 48% of the samples, while Illumina sequencing detected
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Figure 1. Study Design and Cohort Characteristics
(A) Subject cohort and study design.

(B–D) Correlation between CD4 T cell count (y axis) compared to (B) HIV viral load (p < 0.0001); (C) weight (p = 0.0037); and (D) body mass index (p = 0.0093).

(E and F) Circulating levels of sCD14 were graphed by (E) HIV status and ART treatment group and (F) CD4 T cell count.

(G) Correlation between sCD14 levels andHIV viral load (p = 0.002). **p% 0.01; ****p% 0.0001. Bars indicatemedian ± interquartile range (IQR). See also Table S1.
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Among HIV-infected subjects who were receiving ART, the median time on ART 

was 6.7 years (interquartile range, IQR, 6.1-7.1). At the time of sampling, 35 of the 40 

HIV-treated subjects (87.5%) had suppressive ART therapy as defined by undetectable 

viral loads (<20 viral RNA copies/mL). Out of the 82 total HIV-infected individuals, 57 

(79.5%) had CD4+ T cell counts measured as greater than 200 cells/µl (“HIV 

CD4>200”), while 25 (20.5%) had CD4+ T cell counts measured as less than 200 

cells/µl (“HIV CD4<200”), which indicates an immunocompromised host state. There 

were significant differences in the CD4+ T cell counts, CD4+ T cell percentages, HIV 

viral load, prophylactic co-trimoxazole use, age, sex and other variables between HIV-

treated and untreated groups (Table 2.1). With respect to relationships between 

immune status and viral replication, peripheral CD4+ T cell counts in HIV-infected 

subjects were negatively correlated with circulating HIV viral load in subjects with 

detectable peripheral HIV RNA (Figure 2.2A, p < 0.0001). This would be expected, as 

greater viral replication would result in the destruction of host CD4+ T cells. With 

respect to associations between immune status and patient characteristics, peripheral 

CD4+ T cell count was positively correlated with weight (p = 0.0037) and body mass 

index (BMI, p = 0.0093) (Figures 2.2B and 2.2C). This is consistent with the connection 

between HIV disease progression and overall health, as individuals with a more robust 

immune status as measured by CD4+ T cell count would have better overall health, as 

measured by weight.  These clinical characteristics are consistent with the known 

effects of HIV infection (Mankal and Kotler, 2014; Palermo et al., 2011; Phillips et al., 

2010). 
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Figure 2.2: Factors correlated with CD4+ T cell count. Correlation between CD4+ T cell 
count (y-axis) compared to (A) HIV viral load (p < 0.0001); (B) weight (p = 0.0037); and (C) body 
mass index (p= 0.0093). Figure from (Monaco et al., 2016). 
  

near-full-length adenovirus genomes with high sequence iden-
tity to human adenovirus D were identified (Figure 2A). Three
fecal samples contained multiple adenoviruses. Twelve unique
full-length papillomavirus genomes were obtained from one
HIV-positive, untreated subject (Figure 2B, Table S2).

The number of unique Anelloviridae-assigned sequences
positively correlated with the genome copy numbers of anellovi-
ruses as measured by quantitative real-time PCR analysis
(qPCR) (Figure 2C, p < 0.0001). qPCR detected anelloviruses
in 48% of the samples, while Illumina sequencing detected
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Figure 1. Study Design and Cohort Characteristics
(A) Subject cohort and study design.

(B–D) Correlation between CD4 T cell count (y axis) compared to (B) HIV viral load (p < 0.0001); (C) weight (p = 0.0037); and (D) body mass index (p = 0.0093).

(E and F) Circulating levels of sCD14 were graphed by (E) HIV status and ART treatment group and (F) CD4 T cell count.

(G) Correlation between sCD14 levels andHIV viral load (p = 0.002). **p% 0.01; ****p% 0.0001. Bars indicatemedian ± interquartile range (IQR). See also Table S1.
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near-full-length adenovirus genomes with high sequence iden-
tity to human adenovirus D were identified (Figure 2A). Three
fecal samples contained multiple adenoviruses. Twelve unique
full-length papillomavirus genomes were obtained from one
HIV-positive, untreated subject (Figure 2B, Table S2).

The number of unique Anelloviridae-assigned sequences
positively correlated with the genome copy numbers of anellovi-
ruses as measured by quantitative real-time PCR analysis
(qPCR) (Figure 2C, p < 0.0001). qPCR detected anelloviruses
in 48% of the samples, while Illumina sequencing detected
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(A) Subject cohort and study design.

(B–D) Correlation between CD4 T cell count (y axis) compared to (B) HIV viral load (p < 0.0001); (C) weight (p = 0.0037); and (D) body mass index (p = 0.0093).

(E and F) Circulating levels of sCD14 were graphed by (E) HIV status and ART treatment group and (F) CD4 T cell count.

(G) Correlation between sCD14 levels andHIV viral load (p = 0.002). **p% 0.01; ****p% 0.0001. Bars indicatemedian ± interquartile range (IQR). See also Table S1.
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near-full-length adenovirus genomes with high sequence iden-
tity to human adenovirus D were identified (Figure 2A). Three
fecal samples contained multiple adenoviruses. Twelve unique
full-length papillomavirus genomes were obtained from one
HIV-positive, untreated subject (Figure 2B, Table S2).

The number of unique Anelloviridae-assigned sequences
positively correlated with the genome copy numbers of anellovi-
ruses as measured by quantitative real-time PCR analysis
(qPCR) (Figure 2C, p < 0.0001). qPCR detected anelloviruses
in 48% of the samples, while Illumina sequencing detected
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(B–D) Correlation between CD4 T cell count (y axis) compared to (B) HIV viral load (p < 0.0001); (C) weight (p = 0.0037); and (D) body mass index (p = 0.0093).

(E and F) Circulating levels of sCD14 were graphed by (E) HIV status and ART treatment group and (F) CD4 T cell count.

(G) Correlation between sCD14 levels andHIV viral load (p = 0.002). **p% 0.01; ****p% 0.0001. Bars indicatemedian ± interquartile range (IQR). See also Table S1.
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near-full-length adenovirus genomes with high sequence iden-
tity to human adenovirus D were identified (Figure 2A). Three
fecal samples contained multiple adenoviruses. Twelve unique
full-length papillomavirus genomes were obtained from one
HIV-positive, untreated subject (Figure 2B, Table S2).

The number of unique Anelloviridae-assigned sequences
positively correlated with the genome copy numbers of anellovi-
ruses as measured by quantitative real-time PCR analysis
(qPCR) (Figure 2C, p < 0.0001). qPCR detected anelloviruses
in 48% of the samples, while Illumina sequencing detected
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(B–D) Correlation between CD4 T cell count (y axis) compared to (B) HIV viral load (p < 0.0001); (C) weight (p = 0.0037); and (D) body mass index (p = 0.0093).

(E and F) Circulating levels of sCD14 were graphed by (E) HIV status and ART treatment group and (F) CD4 T cell count.

(G) Correlation between sCD14 levels andHIV viral load (p = 0.002). **p% 0.01; ****p% 0.0001. Bars indicatemedian ± interquartile range (IQR). See also Table S1.
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Table 2.1: First Ugandan Cohort Characteristics. NA, not available; NS, not significant; 
IQR, interquartile range; OI, opportunistic infection. For comparing continuous variables, 
Mann-Whitney and Kruskal-Wallis tests were used; for comparing categorical variables, Chi-
Square and Fisher’s exact tests were used. a, NS between HIV-infected groups. Table from 
(Monaco et al., 2016). 
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Table 2.1 (Continued) 

  
anelloviruses in 35% of the samples, suggesting Illumina
sequencing of VLPs may underrepresent true viral diversity.
We were able to assemble 228 unique anellovirus contigs, 51
of which contained the ORF1 gene. We performed phylogenetic
analysis of these 51 contigs using a conserved region of the
ORF1 gene compared to representative anellovirus ORF1 se-
quences (Figure 2D). One virus was most closely related to the
Betatorquevirus genus, while the rest were most closely related
to the Alphatorquevirus genus. Interestingly, one fecal sample
harbored at least 19 different anelloviruses (Table S3).

Changes in the Enteric Virome Associated with CD4 T
Cell Counts
We next analyzed the relationship between the number of
viral sequences in each sample and HIV infection status. There
were no statistically significant differences between HIV-positive
and HIV-negative subjects for Adenoviridae, Anelloviridae, Cir-
coviridae, and Papillomaviridae sequences (Figures S2A–S2D).
However, these subjects exhibited wide variation in CD4 T cell
counts (Table 1), and lower CD4 T cell count is an indication of
impaired host immune function and increased gut dysregulation.
We therefore evaluated the relationship between CD4 T cell
counts and the enteric virome using a clinically validated cutoff
of CD4 < 200 as an indication of impaired immunity.
We observed significantly more Adenoviridae sequences in

HIV-positive subjects with CD4 < 200 when compared to both
HIV-negative or HIV-positive subjects with CD4 > 200 (Figure 3A,
p = 0.0026). HIV-positive subjects with CD4 < 200 were more
likely to have detectable adenovirus sequences (Table S4,
p = 0.0031), suggesting expansion of adenovirus sequence
abundance and overall infection prevalence. Therewas no signif-
icant difference in adenovirus sequences based on ART therapy
(Figure S2E, p = 0.0754). Subgroup analysis of the HIV-untreated
groupshowed theeffectwasdrivenby lowCD4Tcell counts (Fig-
ureS2I), suggesting that adenovirus expansion is associatedwith
host immune status independent of ART therapy.
Anelloviridae sequences significantly differed by both CD4

T cell count (Figure 3B, p = 0.0239) andHIV treatment status (Fig-
ure S2F, p = 0.0282); however, subgroup analysis revealed this
was largely driven by the HIV-untreated subjects with CD4 <
200 (Figure S2J). Further, samples belonging to HIV-positive
subjects with CD4 < 200weremore likely to containAnelloviridae
sequences when compared to HIV-positive subjects with CD4 >
200 (Table S4, p = 0.0238). However, there was no significant
difference in frequency of Anelloviridae-sequences between
HIV-positive subjects with CD4 < 200 and HIV-negative subjects

(Table S4, p = 0.0990). Taken together, these data suggest but
do not prove that enteric Anelloviridae expansion is associated
with the HIV-induced immunodeficiency.
Circoviridaewere themost frequently detected type of eukary-

otic virus (present in 75% of all samples). There were no statisti-
cally significant differences in the number or prevalence ofCirco-
viridae sequences by CD4 T cell count (Figure 3C, p = 0.4530,
Table S4, p = 0.8746) or HIV treatment status (Figures S2G
and S2K, p = 0.3984). Similarly, Papillomaviridae sequences
were found in 23% of all samples but were not differentially rep-
resented based on CD4 T cell counts (Figure 3D, p = 0.1115,
Table S4, p = 0.1253) or ART therapy (Figures S2H and S2L,
p = 0.5552). This indicates that HIV-mediated effects on Adeno-
viridae and Anelloviridae described above were not a result of
amplification bias. These data demonstrate that expansion of
Adenoviridae occurs in subjects with AIDS and suggest that
Anelloviridae expansion in HIV infection may also be the result
of severe immunodeficiency.

Effects of HIV Infection and Immunodeficiency on the
Enteric Bacterial Microbiome
We next characterized the bacterial microbiome using 16S rRNA
gene profiling for 37 HIV-negative subjects, 39 HIV-treated sub-
jects, and 34 HIV-untreated subjects (total n = 110, Figures 4A
and S3). Subjects with CD4 < 200 had significantly decreased
bacterial richness compared to subjects with CD4 > 200 (Fig-
ure 4B, p = 0.009), with a near-significant decrease compared
to HIV-negative subjects (Figure 4B, p = 0.066). Bacterial phylo-
genetic diversity was significantly decreased in subjects with
CD4 < 200 compared to both HIV-negative subjects (Figure 4C,
p = 0.036) and subjects with CD4 > 200 (Figure 4C, p = 0.018).
However, there was no significant difference in bacterial rich-
ness or phylogenetic diversity between HIV treatment groups.
We then assessed bacterial b-diversity (similarity/dissimilarity

indices to measure diversity across different groups) between
experimental groups by calculating weighted UniFrac distances
(Lozupone and Knight, 2005). There was no significant difference
in b-diversity by HIV status (p = 0.588) or CD4 T cell group
(p = 0.231) as assessed by permutational multivariate analysis
of variance using distance matrices (PERMANOVA). Principle
coordinates analysis (PCoA) using weighted UniFrac distances
demonstrated no clustering when grouped by CD4 T cell group
(Figure 4D) or HIV status (Figure 4E). In addition, bacterial com-
munity structure was not influenced by water source, recent
diarrhea, antibiotic usage, gender, or home geographic district
(Figures S3B–S3F). These results demonstrate that the overall

Table 1. Continued

Patient Characteristics HIV Neg (n = 40) HIV on ART (n = 40) HIV No Treatment (n = 42) p Value

District

MBARARA, n 30 (75%) 26 (65%) 27 (64.2%) 0.5135

ISINGIRO, n 3 (7.5%) 6 (15%) 9 (21.4%) 0.2057

KIRUHURA, n 4 (10%) 2 (5%) 4 (9.5%) 0.6655

Other or NA, n 3 (7.5%) 6 (15%) 2 (4.8%) 0.2485

ART, antiretroviral therapy; NA, not available; NS, not significant; IQR, interquartile range; for comparing continuous variables, Mann-Whitney and

Kruskal-Wallis tests were used; for comparing categorical variables, chi-square and Fisher’s exact tests were used. OI, opportunistic infection.
aNS between HIV-positive groups.
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Table 1. Cohort Characteristics

Patient Characteristics HIV Neg (n = 40) HIV on ART (n = 40) HIV No Treatment (n = 42) p Value

16S rRNA sequencing (n) (total 110) 37 39 34

VLP NGS sequencing (n) (total 65) 21 21 23

Demographics, median (IQR)

Age 43 (38–48 years) 44 (38–49 years) 29 (24–34 years) <0.0001

Male, n 20 (50%) 20 (50%) 11 (26.2%) 0.0404

Height 159 (155–163 cm) 159 (157–168 cm) 161 (156–166 cm) 0.3894

Weight 64 (55–74 kg) 61 (56–71 kg) 60 (53–68 kg) 0.5735

BMI 24 (22–28) 24 (21–27) 23 (20–27) 0.4305

Laboratory measures, median (IQR)

CD4 T cell count NA 396 (283–490 cells/mL) 225 (113–382 cells/mL) 0.0003

CD4 T cell count >500, n NA 8 (20%) 4 (9.5%)

CD4 T cell count 200–500, n NA 29 (72.5%) 16 (38.1%)

CD4 T cell count <200, n NA 3 (7.5%) 22 (52.4%)

CD4 Percent NA 25 (21–31) 15 (10–24) <0.0001

HIV Viral Load NA 20 (20–20 copies/mL) 95,571(24,455–285,548 copies/mL) <0.0001

CD4 nadir NA 116 (58–167 cells/ml) 225 (110–382 cells/mL) 0.0001

Symptoms over last 30 days

Nausea/Vomiting, n 13 (32.5%) 5 (12.5%) 15 (35.7%) 0.0389

Diarrhea, n 10 (25%) 4 (10%) 9 (21%) 0.2000

Constipation, n 17 (42.5%) 13 (32.5%) 10 (23.8%) 0.1969

Loss of appetite, n 21 (52.5%) 10 (25%) 20 (47.6%) 0.0286

Dysgeusia, n 20 (50%) 14 (35%) 17 (40.5%) 0.3875

Medications last 30 days

ART, n NA 40 (100%) NA

ART: NRTI, n NA 40 (100%) NA

ART: NNRTI, n NA 35 (85%) NA

ART: PI, n NA 6 (15%) NA

Years on ART, median NA 6.7 (6.1–7.1 IQR) NA

OI prophylaxis: bactrim last 30 days, n 0 (0%) 38 (95%) 38 (90.5%) <0.0001a

Other Antimicrobials 3 days, n 8 (20%) 5 (12.5%) 4 (9.5%) 0.3721

Other Antimicrobials 30 days, n 15 (37.5%) 14 (35%) 4 (9.5%) 0.0066

Living conditions

Water source, n

Water source: communal tap NA 15 (37.5%) 22 (52.4%) 0.1913

Water source: piped in NA 2 (5%) 2 (4.8%) 1.0000

Water source: open well NA 7 (17.5%) 8 (19%) 1.0000

Water source: protected well NA 7 (17.5%) 1 (2.4%) 0.0274

Water source: other NA 9 (22.5%) 9 (21.4%) 1.0000

Distance to water, median NA 75 m (6–675 IQR) 15 m (6–350 IQR) 0.3071

Toilet type: covered pit latrine, n NA 25 (62.5%) 14 (33.3%) 0.0145

Toilet type: uncovered pit latrine, n NA 15 (37.5%) 25 (59.5%) 0.0512

Toilet type: flush toilet, n NA 0 3 (7.1%) 0.2412

Food Security

Grows own produce, n NA 29 (72.5%) 20 (47.6%) 0.0260

Owns livestock, n NA 19 (47.5%) 12 (28.6%) 0.1107

Goes hungry, n NA 11 (27.5%) 12 (28.6%) 1.0000

Cooks in kitchen, n NA 25 (62.5%) 18 (42.9%) 0.0828

(Continued on next page)
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 Serum soluble CD14 levels are elevated in HIV-infected individuals and correlate 2.3
with increased HIV viral load and loss of CD4+ T cells 

Soluble CD14 (sCD14) is a co-receptor that serves to bind bacterial 

lipopolysaccharide (LPS) and high blood concentrations of the protein are used to 

indicate increased amounts of microbial translocation across the gut epithelium from the 

gut lumen to the underlying tissue and systemic circulation (Marchetti et al., 2013). HIV-

infected individuals have been shown to have elevated levels of circulating sCD14, and 

the levels of this inflammatory marker correlate with patient mortality (Sandler et al., 

2011). In our cohort, HIV-infected individuals (both those receiving ART treatment and 

those with untreated HIV infection) had significantly higher levels of plasma sCD14 than 

HIV-uninfected subjects (Figure 2.3A, p = 0.0017), indicating that they exhibited a 

greater extent of bacterial translocation associated inflammation. Plasma levels of 

sCD14 were further elevated in patient subsets with more severe disease, as HIV-

infected subjects with peripheral CD4+ T cell counts less than 200 cells/µl, which is 

indicative of profound immunodeficiency and advanced HIV disease (Selik et al., 2014), 

had levels of circulating sCD14 that were significantly higher than both HIV-negative 

subjects and HIV-infected subjects with CD4 >200 (Figure 2.3B, p < 0.0001). 

Plasma levels of sCD14 correlated with clinical measures of disease severity 

within these patient subsets as well, as plasma sCD14 concentrations were positively 

correlated with circulating HIV viral load in HIV CD4<200 patients (Figure 2.3C, p = 

0.002).  From these data, we can see that subjects in our cohort conform to the 

expected positive correlation between sCD14, a marker of disrupted intestinal function 

and systemic inflammation (Marchetti et al., 2013), and HIV-associated 
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immunodeficiency as measured by peripheral CD4+ T cell loss and elevated levels of 

circulating HIV virus. 
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Figure 2.3. Plasma sCD14 is increased in HIV infection and correlates with HIV viral load. 
Circulating levels of sCD14 were graphed by (A) HIV status and ART treatment group and (B) 
CD4 T cell count. (c) Correlation between sCD14 levels and HIV viral load (p =0.002). p ≤ 0.01 
= **, p ≤ 0.0001 = ****. Bars indicate median ± interquartile range (IQR). Figure from (Monaco et 
al., 2016). 
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full-length papillomavirus genomes were obtained from one
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ruses as measured by quantitative real-time PCR analysis
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near-full-length adenovirus genomes with high sequence iden-
tity to human adenovirus D were identified (Figure 2A). Three
fecal samples contained multiple adenoviruses. Twelve unique
full-length papillomavirus genomes were obtained from one
HIV-positive, untreated subject (Figure 2B, Table S2).

The number of unique Anelloviridae-assigned sequences
positively correlated with the genome copy numbers of anellovi-
ruses as measured by quantitative real-time PCR analysis
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near-full-length adenovirus genomes with high sequence iden-
tity to human adenovirus D were identified (Figure 2A). Three
fecal samples contained multiple adenoviruses. Twelve unique
full-length papillomavirus genomes were obtained from one
HIV-positive, untreated subject (Figure 2B, Table S2).

The number of unique Anelloviridae-assigned sequences
positively correlated with the genome copy numbers of anellovi-
ruses as measured by quantitative real-time PCR analysis
(qPCR) (Figure 2C, p < 0.0001). qPCR detected anelloviruses
in 48% of the samples, while Illumina sequencing detected
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near-full-length adenovirus genomes with high sequence iden-
tity to human adenovirus D were identified (Figure 2A). Three
fecal samples contained multiple adenoviruses. Twelve unique
full-length papillomavirus genomes were obtained from one
HIV-positive, untreated subject (Figure 2B, Table S2).

The number of unique Anelloviridae-assigned sequences
positively correlated with the genome copy numbers of anellovi-
ruses as measured by quantitative real-time PCR analysis
(qPCR) (Figure 2C, p < 0.0001). qPCR detected anelloviruses
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 Gut microbiome community characteristics are most correlated with peripheral 2.4
CD4+ T cell counts and HIV status 

We used amplicon sequencing of the 16S rRNA gene and computational 

analysis with Quantitative Insights Into Microbial Ecology (QIIME) (Caporaso et al., 

2010a; Caporaso et al., 2010b; DeSantis et al., 2006; Edgar, 2010; Lozupone and 

Knight, 2005; McDonald et al., 2012; Price et al., 2010; Wang et al., 2007) and 

Phyloseq (McMurdie and Holmes, 2012) to characterize the enteric bacterial 

microbiome of 110 subjects (37 HIV-uninfected; 39 HIV-infected, ART-treated; 34 HIV-

infected, ART-untreated) within our cohort (Figure 2.4A, 2.5). The most severely 

immunocompromised HIV-infected subjects, as indicated by a peripheral CD4+ T cell 

count less than 200 cells/µl had significantly decreased bacterial richness, as measured 

by the Chao1 index, compared to HIV-infected subjects with peripheral CD4+ T cell 

counts greater than 200 cells/µl (Figure 2.4B, p = 0.009), and the decrease in bacterial 

richness from HIV-uninfected subjects to HIV CD4<200 subjects was trending towards 

significance (Figure 2.4B, p = 0.066). Similarly, the bacterial phylogenetic diversity, as 

measured by Faith’s Phylogenetic Diversity, was significantly lower in HIV CD4<200 

subjects than both HIV CD4>200 subjects (Figure 2.4C, p = 0.018) and HIV-uninfected 

subjects (Figure 2.4C, p = 0.036). While levels of immunocompetence, as measured by 

peripheral CD4+ T cell counts, did correspond with differences in alpha diversity 

measures between groups of HIV-infected subjects, we did not detect a relationship 

between alpha diversity and treatment status, as there was no significant difference in 

bacterial richness or phylogenetic diversity between HIV treatment groups. Overall, 

peripheral CD4+ T cell count appeared to have the strongest relationship with intra-
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sample bacterial diversity metrics, as HIV CD4<200 subjects had decreased richness 

and diversity, though HIV status was also related to these metrics, albeit less strongly. 

To determine whether our factors of interest were associated with inter-microbial 

community differences, we calculated the inter-sample β-diversity as measured by 

weighted UniFrac distance (Lozupone and Knight, 2005). As tested with Permutational 

Multivariate Analysis of Variance Using Distance Matrices (PERMANOVA), there was 

no significant difference between patient grouping when subset by HIV infection status 

(p = 0.588) or peripheral CD4+ T cell count (p = 0.231). Similarly, principal coordinates 

analysis (PCoA) transformation of weighted UniFrac distances did not reveal any 

clustering among subjects when subset by peripheral CD4+ T cell count (Figure 2.4D) 

or HIV status (Figure 2.4E). Similar analysis using PCoA transformation of weighted 

UniFrac distances did not detect relationships between bacterial community structure 

and sex, water source, recent diarrhea, antibiotic usage, or home geographic district 

(Figure 2.6).  
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Figure 2.4. Bacterial community profiling. (A) Heatmap showing relative abundance of the 20 
most frequent bacterial families (y-axis) by sample (x-axis), grouped by HIV status and CD4+ T 
cell count. Percent abundance is indicated by the gradient key. (B) Chao1 rarefied bacterial 
richness colored by CD4 T cell count. (C) Comparison of bacterial Faith’s phylogenetic diversity 
in HIV-uninfected and HIV-infected subjects by CD4 T cell count. Statistical analysis was 
performed in QIIME using two-sample, non-parametric t-tests with Monte Carlo permutations. 
Error bars indicate SEM. p ≤ 0.05 = *. Principal Coordinate Analysis (PCoA) plots of the 
weighted UniFrac distances colored by HIV status and (D) CD4+ T cell count or (E) ART 
treatment. Figure from (Monaco et al., 2016). See also Figure 2.5, 2.6. 
  

and bacterial richness and diversity (Table S7). Thus, enteric
bacteriophage communities were not detectably altered by HIV
infection, ART therapy, or CD4 T cell depletion in this cohort.

DISCUSSION

The Enteric DNA Virome in HIV/AIDS
Adenoviruses are non-enveloped DNA viruses linked to human
conjunctivitis, gastroenteritis, and respiratory illnesses. Here
we identified an association between expansion of enteric
adenovirus sequences and advanced HIV/AIDS, which strikingly
parallels findings in SIV-infected macaques (Handley et al.,
2016). Adenovirus antigen was previously found in GI lesions of
SIV-infected macaques (Handley et al., 2012), implicating these
viruses in lentivirus-associated enteropathy that contribute to
translocation of microbial products from the gut. Future studies
of human biopsy specimens for adenovirus-associated pathol-
ogy are needed to determine whether these adenoviruses cause
enteropathy.

Anelloviridae are non-enveloped small, circular ssDNA viruses
often found in human serum. While not identified as causative
agents of diseases, Anelloviridae are increased in the serum of
medically immunosuppressed solid organ transplant recipients
(De Vlaminck et al., 2013) and HIV-positive subjects with
increasing immunosuppression (Christensen et al., 2000; De-
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B C

D E

Figure 4. Bacterial Community Profiling
(A) Heatmap showing relative abundance of the 20

most frequent bacterial families (y axis) by sample

(x axis), grouped by HIV status and CD4 T cell

count. Percent abundance is indicated by the

gradient key.

(B) Chao1 rarefied bacterial richness grouped by

CD4 T cell count.

(C) Comparison of bacterial Faith’s phylogenetic

diversity in HIV-negative and HIV-positive subjects

by CD4 T cell count. Statistical analysis was per-

formed in QIIME using two-sample, non-parametric

t tests with Monte Carlo permutations. Error bars

indicate SEM, *p % 0.05.

(D and E) Principle Coordinate Analysis (PCoA)

plots of the weighted UniFrac distances colored

by HIV status and (D) CD4 T cell count or (E)

ART treatment. See also Figures S3 and S4 and

Table S7.

biaggi et al., 2000; Li et al., 2013). How-
ever, enteric populations were not exam-
ined. Our work demonstrates enteric
Anelloviridae expansion in HIV, and sub-
group analysis suggests that this is driven
by subjects with CD4 < 200. One con-
founding aspect of our analysis was that
while we detected a relationship between
anellovirus sequences and CD4 T cell
count, there was no significant difference
in post hoc analysis comparing CD4 <
200 and HIV-negative subjects. One pos-
sibility is that our study was underpowered
to detect this difference. Alternatively,

since HIV-negative subjects in this study presented to the clinic
for a variety of health-related reasons, it is possible they had
other conditions associated with changes in anellovirus abun-
dance (Touinssi et al., 2001; Walton et al., 2014). This issue will
need to be resolved in future studies using healthy community
or household controls.

The Enteric Bacterial Microbiome in HIV/AIDS
We found decreased richness and phylogenetic diversity of the
enteric bacterial microbiome in subjects with advanced HIV/
AIDS similar to our findings in SIV-infected macaques (Handley
et al., 2012, 2016). Additionally, OTUs assigned to Enterobacter-
iaceae were associated with both low CD4 T cell count in our
study and low percentage of circulating CD4 T cells in rhesus
macaques (Handley et al., 2016). Oligotyping identified these or-
ganisms as genus Shigella or a closely related Escherichia spe-
cies. Enterobacteriaceae family members have been associated
with inflammation (Lupp et al., 2007) and most Shigella are
enteric pathogens (Hale and Keusch, 1996; Yang et al., 2005).
These microorganisms may contribute to the gastrointestinal
disease and chronic immune activation observed in HIV patients.
Interestingly, decreased Ruminococcus levels were associ-

ated with diminished peripheral CD4 T cells and increased
sCD14 levels, suggesting a protective role for these bacteria.
Depletion of Ruminococcus was also found in the rectal mucosa

318 Cell Host & Microbe 19, 311–322, March 9, 2016 ª2016 Elsevier Inc.
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Figure 2.5: Bacterial community structure by relative abundance at class level split by 
HIV status and CD4+ T cell count. Relative abundance of bacterial taxa (y-axis) assigned to 
subjects (x-axis) as determined by 16S rRNA gene V4 amplicon sequencing was plotted and 
grouped by HIV-uninfected subjects (upper panel) and HIV-infected subjects with peripheral 
CD4+ T cell count above 200 cells/µl (middle panel) or below 200 cells/µl (lower panel). 
Taxonomic class color assignment key is located at bottom right. Figure from (Monaco et al., 
2016). 
 
 
  

Figure S3, Related to Figure 4. Bacterial class-level taxa barplot by CD4 T cell number.
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Figure 2.6: Environmental and clinical associations with bacterial community structure. 
Principal Coordinate Analysis (PCoA) plots of the weighted UniFrac distances colored by (A) 
gender, (B) patient’s home water source, (C) reported diarrhea or (D) antibiotics usage in the 30 
days preceding sample collection, and (E) patient’s home geographic district in Uganda. Figure 
from (Monaco et al., 2016). 
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 Many bacteria taxa are differentially abundant between cohort subsets grouped by 2.5
peripheral CD4+ T cell counts 

Using an adaptation of the differential expression computational tool DESeq2 

modified to identify differentially abundant microbial taxa (Anders and Huber, 2010; 

Love et al., 2014; McHardy et al., 2013; McMurdie and Holmes, 2012), we were able to 

determine which bacterial operational taxonomic units (OTUs) were enriched or 

depleted in relation to subject peripheral CD4+ T cell count. These discriminant OTUs 

were then plotted by bacterial family association (Figure 2.7A). OTUs belonging to 13 

bacterial families (Enterobacteriaceae, Pasteurellaceae, Streptococcaceae, 

Enterococcaceae, Lactobacillaceae, Planococcaceae, Actinomycetalaceae, 

Carnobacteriaceae, Micrococcaceae, Gemellaceae, Comamonadaceae, 

Leuconostocaceae, and Leptotrichiaceae) were enriched in HIV CD4<200 subjects in 

comparison to both HIV-uninfected subjects (Figure 2.7A) and HIV CD4>200 subjects 

(Figure 2.7B). OTUs assigned to the families Succinovibrionaceae, Spirochaetaceae, 

S24-7, and Methanobacteriaceae were depleted in HIV CD4<200 subjects in 

comparison to both HIV-uninfected subjects and HIV CD4>200 subjects. Other 

differentially abundant families included Ruminococcaceae, with fewer OTUs enriched 

than depleted in HIV CD4<200 subjects in comparison to the other two groups (56 

OTUs depleted and 33 OTUs enriched in HIV CD4<200 versus HIV CD4>200; 50 OTUs 

depleted and 12 OTUs enriched in HIV CD4<200 subjects versus HIV-uninfected 

subjects) and Bacteroidaceae, with more OTUs enriched than depleted in HIV CD4<200 

subjects in comparison to the other two groups (6 OTUs depleted and 31 OTUs 

enriched in HIV CD4<200 versus HIV CD4>200; 1 OTU depleted and 67 OTUs 

enriched in HIV CD4<200 versus HIV-uninfected subjects).   



Adapted from (Monaco et al., 2016) 

 49 

 

Figure 2.7. Differentially abundant bacterial taxa. DESeq2 was used to identify differentially 
abundant bacterial OTUs. Each dot represents one OTU assigned to the indicated bacterial 
family (column label). The position of the dot on the y-axis indicates the fold change of the 
enrichment (positive) or depletion (negative) of that OTU in relation to the subject cohort 
indicated in the top half of the panel. Bacterial OTUs that are significantly differentially abundant 
between (A) HIV-uninfected and HIV-infected subjects with peripheral CD4+ T cell count less 
than 200 as well as (B) HIV-infected subjects with peripheral CD4+ T cell count greater than 
200 versus those with peripheral CD4+ T cell count less than 200 were graphed by log2 fold-
change (y-axis) and grouped by family association (x-axis). Coloring indicates bacterial phyla to 
which the OTUs belong. Figure from (Monaco et al., 2016). 
  

of HIV-infected, untreated subjects (McHardy et al., 2013) and
with symptomatic SIV-infection of macaques (Handley et al.,
2016). Ruminococcus has been associated with both protective
and disruptive roles in the enteric microbiome, and this effect is
highly species dependent (Crost et al., 2013; David et al., 2014;
Hsiao et al., 2014; Ze et al., 2012). We identified two species,
R. callidus and R. bromii, depleted in subjects with CD4 < 200.
Both have been shown to increase after fecal microbial trans-

plant treatment for Clostridium difficile infection (Satokari et al.,
2014) and be decreased in subjects with Crohn’s disease and
ulcerative colitis (Kang et al., 2010; Rajili!c-Stojanovi!c et al.,
2013), suggesting a protective role.
Previous studies of the enteric bacterial microbiome in HIV

yielded disparate conclusions regarding overall changes in the
bacterial community. However, some commonalities emerged,
including changes in bacterial beta diversity, enrichment of
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Figure 5. Differentially Abundant Bacterial Taxa
Variance stabilization techniques were utilized to determine discriminant bacterial OTUs. Dots represent one OTU assigned to the indicated bacterial family

(column label). The position of the dot on the y axis indicates the abundance of that OTU (positive or negative) in relation to the opposing group. Bacterial OTUs

with significant differences between (A) HIV-negative andCD4 < 200 as well as (B) CD4 > 200 versus < 200were graphed by log2 fold-change (y axis) and grouped

by family association (x axis). Coloring indicates bacterial phyla to which the OTUs belong. See also Tables S5 and S6.
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In order to determine the possible sub-family level taxonomic assignments within 

the differentially abundant Ruminococcaceae and Bacteroidaceae OTUs that might 

predict enrichment or depletion in relation to HIV status and peripheral CD4+ T cell 

count, we used the computational method oligotyping (Eren et al., 2011) to further refine 

the taxonomic assignment of Ruminococcaceae and Bacteroidaceae sequences that 

had not been originally assigned at a species level with QIIME. Briefly, oligotyping 

determines what combination of sequences contains most of the information present in 

all of the sequences associated with differentially abundant OTUs. From this subset of 

the larger pool of sequences, the most contributory more specific taxa assignments can 

be determined. Within the family Ruminococcaceae, those sequences most 

representative of OTUs depleted in HIV CD4<200 subjects compared to HIV CD4>200 

subjects were assigned to the species Ruminococcus bromii and Ruminococcus 

callidus and those most representative of OTUs depleted in HIV CD4<200 subjects 

compared to HIV-uninfected subjects were assigned to the species Ruminococcus 

bromii. Species could not be confidently assigned to those OTUs enriched in HIV 

CD4<200 subjects or to differentially abundant OTUs in the family Bacteroidaceae. 

 Many bacterial taxa are independently differentially abundant between cohort 2.6
subsets grouped by peripheral CD4+ T cell counts 

Six metadata variables (month stool collected, co-trimoxazole use, age, MiSeq run 

number, antibiotic use, and BMI) were either significantly or near significantly different 

between patient subsets as determined by HIV status and peripheral CD4+ T cell count, 

so we performed multivariate modeling using the computational tool Multivariate 

Association with Linear Models (MaAsLin) (Morgan et al., 2012) to determine which 
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bacterial OTUs would be associated with HIV status and peripheral CD4+ T cell count 

independent of these potential confounders. 

Since co-trimoxazole use was a correlated covariate with HIV status, it was 

excluded from the model. Fourteen bacterial OTUs were independently associated with 

peripheral CD4+ T cell count (Table 2.2) including OTUs assigned to Ruminococcaceae 

and Enterobacteriaceae families. Using the oligotyping technique (as previously 

described), we assigned the Enterobacteriaceae sequences to genus Shigella or a 

related Escherichia species but were unable to further assign the Ruminococcaceae. 

These data provide evidence for gut microbiome differences in a sub-Saharan African 

population with advanced HIV disease independent of other differentiating metadata 

factors. 
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Table 2.2: OTUs significantly associated with CD4 T cell number using a multivariate 
model including CD4 T cell group, age, month stool collected, sequencing run, BMI, and 
other antibiotic use. Table from (Monaco et al., 2016). 

 

  

Phyla Class Order Family Genus  
OTU 

ID 
Raw p 
value 

FDR p 
value 

Firmicute
s Clostridia 

Clostridia
les 

Clostridia
ceae NA 

5757
68 9.52E-05 0.021 

Firmicute
s Clostridia 

Clostridia
les 

Ruminoco
ccaceae Oscillospira 

1872
67 0.000124 0.026 

Bacteroid
etes 

Bacteroidi
a 

Bacteroid
ales NA NA 

3436
35 0.000202 0.035 

Proteoba
cteria 

Gammapr
oteobacte
ria 

Enteroba
cteriales 

Enterobac
teriaceae NA 

7829
53 1.99E-05 0.007 

Proteoba
cteria 

Gammapr
oteobacte
ria 

Enteroba
cteriales 

Enterobac
teriaceae NA 

1111
294 2.18E-05 0.007 

Proteoba
cteria 

Gammapr
oteobacte
ria 

Enteroba
cteriales 

Enterobac
teriaceae NA 

2922
89 2.27E-05 0.007 

Proteoba
cteria 

Gammapr
oteobacte
ria 

Enteroba
cteriales 

Enterobac
teriaceae NA 

1108
656 2.43E-05 0.007 

Proteoba
cteria 

Gammapr
oteobacte
ria 

Enteroba
cteriales 

Enterobac
teriaceae NA 

4354
477 8.57E-05 0.020 

Proteoba
cteria 

Gammapr
oteobacte
ria 

Enteroba
cteriales 

Enterobac
teriaceae 

Cronobacter 
dublinensis 

6675
70 0.00016 0.030 

Proteoba
cteria 

Gammapr
oteobacte
ria 

Enteroba
cteriales 

Enterobac
teriaceae NA 

5817
82 0.000235 0.039 

Firmicute
s Clostridia 

Clostridia
les NA NA 

4480
176 0.000295 0.048 

Proteoba
cteria 

Gammapr
oteobacte
ria 

Pasteurel
lales 

Pasteurell
aceae 

Haemophilus 
parainfluenza
e 

4347
099 0.000308 0.048 

Firmicute
s Clostridia 

Clostridia
les 

Ruminoco
ccaceae NA 

1991
82 0.00033 0.048 

Firmicute
s Bacilli 

Lactobaci
llales 

Streptoco
ccaceae 

Streptococcu
s 

8883
00 0.000331 0.048 
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 Many bacterial taxa within prior families of interest are associated with plasma 2.7
sCD14 

As increased levels of circulating sCD14 have been linked to increased mortality in 

HIV (Sandler et al., 2011) and the protein may represent a proxy for bacterial 

translocation from the gut (Marchetti et al., 2013), we correlated bacterial OTUs with 

circulating sCD14 levels. We identified 144 bacterial OTUs significantly associated with 

sCD14, including 23 assigned to the family Bacteriodaceae and 23 assigned to the 

family Ruminococcaceae. Of those, OTU 199182 assigned to the family 

Ruminococcaceae and OTU 575768 assigned to the family Clostridiaceae were also 

associated with peripheral CD4+ T cell count independently of other metadata variables 

from the multivariate analysis above (Table 2.2). These associations suggests a 

possible relationship between these taxa and host inflammation. 

 Co-trimoxazole has a small effect on the gut microbiota in this cohort 2.8

The majority of HIV-infected subjects in our study were receiving co-trimoxazole 

(trimethoprim-sulfamethoxazole) prophylaxis (Table 2.1) per the World Health 

Organization and The Joint United Nations Programme on HIV and AIDS 

(WHO/UNAIDS) guidelines for HIV-infected individuals in resource-limited settings 

(World Health Organization, 2006). While there is extensive literature describing the 

effect of antibiotic use on the enteric microbiome (Blaser, 2016, 2018; Bokulich et al., 

2016; Candon et al., 2015; Cox et al., 2014; Livanos et al., 2016; Nobel et al., 2015; 

Ruiz et al., 2017; Satokari et al., 2014; Schubert et al., 2015; Wlodarska et al., 2011), 

there has been only a small body of work examining the effect of co-trimoxazole 

specifically (de Bonnecaze et al., 2018; Hara et al., 2012; Kofteridis et al., 2004; 

Mavromanolakis et al., 1997; Oldenburg et al., 2018; Stamey et al., 1977). To 
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investigate the possible effect of long-term usage of co-trimoxazole on the gut 

microbiota of the subjects within this Ugandan cohort, we employed the previously 

described computational tool DESeq2 to identify differentially abundant bacterial OTUs 

with regard to co-trimoxazole use. As only four total HIV-infected subjects in our cohort 

were not receiving co-trimoxazole, we performed differential abundance testing on only 

HIV-uninfected controls. Within this patient subset, we found only two bacterial OTUs 

that exhibited significant fold-change with co-trimoxazole use. In comparison, we were 

able to detect 429 differentially abundant OTUs when comparing HIV CD4<200 subjects 

to those with peripheral CD4+ T cell count greater than 200. In addition, we did not find 

a difference in phylogenetic diversity of the gut microbiota between subjects receiving 

co-trimoxazole (n = 68) when compared to those that were not (n = 39, p = 0.378). In 

total, these data suggest that long-term co-trimoxazole treatment has a relatively small 

effect on the gut microbiota when compared to other co-occurring perturbations and 

that, within our cohort, extended use of co-trimoxazole would only contribute minimally 

to the enteric microbiome alterations observed in subjects with immunodeficiency. 

 Discussion 2.9

This study represents the first examination of HIV-associated gut microbiome 

differences conducted in sub-Saharan Africa, which is the region of the world that bears 

the greatest share of the global HIV burden (UNAIDS, 2018). The enteric microbial 

community changes we observed in the subjects with advanced HIV/AIDS mirrored 

previous findings in SIV-infected macaques (Handley et al., 2016; Handley et al., 2012), 

with decreased richness and phylogenetic diversity. Similarly, our observation that 

bacterial OTUs assigned to the family Enterobacteriaceae were associated with 
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decreased peripheral CD4+ T cell count is congruent with the finding that OTUs within 

Enterobacteriaceae were associated with a lower percentage of circulating CD4+ T cells 

in rhesus macaques (Handley et al., 2016). In our study, the oligotyping technique 

identified these organisms as genus Shigella or a closely related Escherichia species. 

This suggests a possible functional significance, as Enterobacteriaceae family members 

have been associated with inflammation (Lupp et al., 2007) and many members of the 

genus Shigella are enteric pathogens (Hale and Keusch, 1996; Yang et al., 2005). 

These microbial taxa could contribute to the gastrointestinal disease and chronic 

immune activation observed in HIV patients. 

In contrast to the previously-described putative inflammatory activity of the OTUs 

within the family Enterobacteriaceae, increased levels of the genus Ruminococcus were 

associated with greater numbers of peripheral CD4+ T cells and decreased plasma 

sCD14 levels, meaning that these bacteria could be functioning in a protective role. 

These findings are concordant with several previous observations, including that 

Ruminococcus members are depleted in the rectal mucosa of HIV-infected, untreated 

subjects (McHardy et al., 2013) and in symptomatic SIV-infected macaques (Handley et 

al., 2016). Ruminococcus has been associated with both protective and disruptive roles 

in the enteric microbiome, and this effect is highly species dependent (Crost et al., 

2013; David et al., 2014; Hsiao et al., 2014; Ze et al., 2012). Using oligotyping, we 

identified two species, R. callidus and R. bromii, depleted in HIV CD4<200 subjects. 

Both of these species have been shown to increase after therapeutic fecal microbial 

transplant treatment for Clostridium difficile infection (Satokari et al., 2014) and to be 

decreased in subjects with the gastrointestinal disorders Crohn’s disease and ulcerative 
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colitis (Kang et al., 2010; Rajilic-Stojanovic et al., 2013), suggesting a protective role. 

Consistent with a possible protective role, the strong association of R. bromii with 

healthy microbial communities has led to its proposed use as a probiotic (Scott et al., 

2015).  

Prior studies of the enteric bacterial microbiome in HIV-infected individuals have 

reported disparate findings with regard to observed differences in the bacterial 

community. While there is substantial overall disagreement, some patterns have 

emerged, including enrichment of bacteria in the genus Prevotella and depletion of 

bacteria in the genus Bacteroides in chronic HIV infection (Dillon et al., 2014; Dinh et 

al., 2015; Lozupone et al., 2013; Lozupone et al., 2014; McHardy et al., 2013; Mutlu et 

al., 2014; Vazquez-Castellanos et al., 2014; Vujkovic-Cvijin et al., 2013). While we 

found significant differences in abundance of bacterial OTUs assigned to the genus 

Prevotella and Bacteroides when our cohort was subset by peripheral CD4+ T cell 

count, the directionality of these enrichments and depletions were not completely in 

concordance with those that have been reported in the literature. Of note, many 

characteristics varied between studies, including exclusion criteria, duration of ART 

treatment, sampling method and site, sample size, sequencing technique, and statistical 

methods, which could contribute to the discrepancies observed between this study and 

others. Most importantly, prior studies were performed on subjects in high-income 

countries with relatively well-controlled HIV (none with advanced HIV disease) while our 

cohort was from rural Uganda and included patients with AIDS. Differences in these 

host features are associated with some of the greatest variation measured in human gut 

microbiomes. Low-income, rural, and agrarian populations differ greatly from their 
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counterparts and are often characterized by high abundances of bacteria in the genus 

Prevotella and low abundances of bacteria in the genus Bacteroides (De Filippo et al., 

2010; Smits et al., 2017). This is consistent with the average Prevotella abundance of 

28% we observed in our HIV-uninfected subjects from a rural Ugandan population. It is 

possible that because the baseline gut microbiota of individuals in these populations is 

already Prevotella-rich and Bacteroides-poor, they would not experience Prevotella-

associated changes observed with HIV infection in subjects from high-income countries. 

Together these results suggest that therapies targeting the enteric bacterial microbiome 

that are successful in HICs may not have the same efficacy in LICs. If this supposition is 

true, then it further increases the value and urgency of conducting comparative 

microbiome studies that include cohorts from regions of interest such as sub-Saharan 

Africa. 

 Limitations of this study 2.10

There were several limitations of this study. We did not have data about our 

subjects’ co-morbidities so were unable to assess AIDS-defining infections and cancers. 

Dietary information was also unavailable, which could mean a potential confounder was 

unexamined, as diet can have a profound effect on the enteric bacterial and viral 

microbiome (David et al., 2014; Minot et al., 2011; Wu et al., 2011). Further, HIV-

uninfected subjects were recruited to the study from a population of individuals that 

presented to the HIV clinic for care, so they may not represent healthy community 

controls. Due to obstacles related to specimen collection and preparation, we were 

unable to assess all components of the microbiome, including RNA viruses and 

intestinal parasites. As a result of these limitations, while we were able to probe the 
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DNA virome in the larger study (not covered in this dissertation) (Monaco et al., 2016) 

we were unable to explore facets of the microbiome that might be particularly relevant in 

HIV infection, as expansion of the RNA virome was observed in SIV-infected macaques 

that progressed to AIDS (Handley et al., 2016; Handley et al., 2012). 
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Chapter 3: HIV-associated Gut Microbiome Differences and Immune Activation 

are Dependent on Host Context 
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 Investigating HIV, the enteric microbiota, and clinical correlates across the span of 3.1
geographic variation 

Our first characterization of HIV-associated enteric microbiome differences in sub-

Saharan Africa provided a preliminary indication that the different microbial milieu within 

individuals in this region could influence the eventual HIV-associated enteric 

microbiome differences (Monaco et al., 2016). We observed the increased abundance 

of organisms in the family Prevotellaceae in HIV-uninfected subjects that was consistent 

with previous descriptions of gut microbial communities in individuals in LICs (De Filippo 

et al., 2010; Gomez et al., 2016; Gorvitovskaia et al., 2016; Lozupone et al., 2013; 

Martinez et al., 2015; Obregon-Tito et al., 2015; Schnorr et al., 2014; Smits et al., 2017; 

Wu et al., 2011; Yatsunenko et al., 2012). Because of the significant differences in 

baseline gut microbial communities in individuals in different geographic locations, we 

questioned the ability to translate studies conducted in HICs to the LICs that bore the 

greatest burden of HIV (UNAIDS, 2018). In light of our data, studies that supported a 

model proposing that HIV-infected individuals have increased Prevotella abundance 

and that this is associated with an elevated inflammatory state would seem to be ill 

suited to describe HIV-associated gut microbiome differences in a population that 

exhibits high Prevotella abundance at healthy baseline. Our first study examined HIV-

associated microbiome differences at only one geographic location, so we were unable 

to determine how broadly these findings would be applicable across populations in sub-

Saharan Africa. For the subsequent study, our aim was to assess cohorts within 

multiple locations in sub-Saharan Africa as well as in an HIC to allow us to more 

completely describe possible variations in HIV-associated microbiome differences 

between HICs and LICs. By way of comparisons within the three sites, we could 
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determine the amount of variation between the locations within Africa and compare it to 

the differences between the African cohorts and the North American cohort. This 

comparison of intra- and inter-continental microbial differences would allow us to assess 

to what extent conclusions from studies on HIV and the gut microbiome in HIC 

populations might be relevant to LIC populations. In order to conduct the study at these 

multiple locations, we again partnered with colleagues in the MGH Global Health 

Division to collect samples from the rural region surrounding the city of Mbarara in 

Southwestern Uganda. In addition, we worked with research clinicians at Harvard 

School of Public Health to analyze samples collected at Princess Marina Hospital in 

Gaborone, Botswana. Gaborone is the capital of and largest urban area in Botswana 

and Princess Marina is a large referral and central teaching hospital in Botswana with 

multiple international contacts. To establish an HIC cohort, we used the pre-existing 

resources associated with a Boston, MA-based cohort at the Ragon Institute of MGH, 

MIT, and Harvard. 

In addition to the ability to make both intra- and inter-continental comparisons, the 

implementation of a new comparative study would allow several improvements over our 

prior work. Rather than recruiting our HIV-uninfected control subjects from an HIV 

testing clinic as we had done in (Monaco et al., 2016), we would be able to use robustly 

selected community-based HIV-uninfected controls (Muiru et al., 2018). Our fecal 

samples had been previously collected in RNAlater, which has been shown to interfere 

with the extraction of nucleic acid from samples, especially those protocols that use 

phenol-chloroform (Angel, 2012; Popova et al., 2010; Renshaw et al., 2015). With the 

initiation of a new study, we would be able to modify our protocols to preserve fecal 
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samples by immediate freezing and storage at -80˚C, which is a preferred method of 

sample preservation in the microbiome field (Blekhman et al., 2016). Lastly, further time 

for recruitment as well as multiple recruitment locations would allow us to increase the 

sample size and consequently the power of our study. 

Here we examine the effect of HIV on the enteric bacterial microbiome in three 

distinct geographical locations spanning two continents as well as both HICs and LICs, 

representing regions that are particularly relevant to the current HIV epidemic. We 

demonstrate that there are unique HIV-associated gut microbial differences at each 

location, both at the whole-community and individual taxa levels. These microbial 

differences also coincide with differences in the relationship between microbial taxa and 

host inflammatory markers. We found that the sexual behavior of individuals in HICs is 

an interacting factor that can determine the directionality and magnitude of HIV-

associated microbiome differences. Taken together, these findings suggest that HIV 

infection could alter anti-inflammatory microbial functions and allow the emergence of 

new functions. However all of these effects are highly context-dependent on the host, 

their pre-existing gut microbial community, and their geographic microbial milieu. This 

model has significant implications for efforts that intend to translate the results of HIV-

microbiome studies between different geographical locations. 

 Cohort characteristics 3.2

We have access to large, well-characterized patient cohorts with clinical metadata 

based in Uganda (Hunt et al., 2011; Monaco et al., 2016; Muyanja et al., 2015; Okello et 

al., 2015; Siedner et al., 2016a; Siedner et al., 2016b; Siedner et al., 2013) and 

Botswana (Okatch et al., 2016), as well as a Boston, MA, USA-based cohort operated 
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with the resources of the Ragon Institute of MGH, MIT, and Harvard. In our Ugandan 

cohort, HIV-infected subjects have been stably on ART for at least 5 years and HIV-

uninfected subjects are location-matched controls. The three cohort locations in our 

study represent an urban location in a HIC (Boston, MA, USA), an urban location in LIC 

(Gaborone, Botswana), and a rural location in a LIC (Mbarara District, Uganda) as 

measured by income, housing conditions, and demographics (Table 3.1). Gaborone is 

the capital of Botswana and a large urban center, while the subjects recruited from the 

Mbarara district resided in rural areas outside of the district capital. As a result of this 

geographical diversity, our sites span the range of many demographics that are 

proposed to underlie geography-associated enteric microbiome (Table 3.1), such as 

income or urbanization (Ayeni et al., 2018; Winglee et al., 2017).  
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Table 3.1. Patient characteristics and cardiovascular disease metadata for Boston, 
Botswana, and Uganda cohorts 
For comparing continuous variables, Mann-Whitney and Kruskal-Wallis tests were used. For 
comparing categorical variables, Chi-Square and Fisher's exact tests were used.NA, not 
available or not applicable; NS, not significant; IQR, interquartile range; ART, antiretroviral 
therapy; MSM, men who have sex with men; CVD, cardiovascular disease; CIMT, carotid 
intima-media thickness; NRTI, nucleoside reverse transcriptase inhibitors; NNRTI, non-
nucleoside reverse transcriptase inhibitors. 
gIncludes individuals with HIV both on ART treatment and not on ART treatment (i.e., elite 
controllers). 
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 HIV-uninfected Individuals in different geographical locations have distinct gut 3.3
microbiota 

When examining human gut microbiomes on a global scale, variation in location is 

associated with some of the greatest variation in gut microbial community membership 

and structure (Figure 1.4). As stated previously, the gut microbiomes of subjects in 

HICs frequently feature higher abundances of organisms in the genus Bacteroides, 

Bifidobacterium, and Ruminococcus while those in LICs have higher abundances of 

organisms in the genus Prevotella, Succinivibrio, and Treponema (De Filippo et al., 

2010; Gomez et al., 2016; Obregon-Tito et al., 2015; Schnorr et al., 2014; Smits et al., 

2017; Yatsunenko et al., 2012). We characterized the gut microbiota of the subjects in 

the three cohorts using high-throughput sequencing of the V4 region (nucleotides 515-

806) of the 16S rRNA gene and calculated the dissimilarity between the microbial 

communities of each individual. As could be predicted from the large differences in 

urbanization and geography (Figure 1.3 and Table 3.1), the microbiota of HIV-

uninfected individuals are distinct between each geographical location. The principal 

coordinate axis that accounts for the greatest proportion of the variation between 

individuals in these populations (PCo1) is characterized by a shift from microbial 

communities with a high proportion of Prevotellaceae in more rural locations to more 

heterogeneous communities in urban cohorts that feature a greater representation of 

members of the families Lachnospiraceae, Ruminococcaceae, and Bifidobacteriaceae 

(Figure 3.1). These differences between the microbial communities of subjects in each 

cohort are significant as determined by a PERMANOVA test applied to the inter-sample 

Jensen-Shannon divergence. 
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With regard to the complexity (alpha diversity) within each of the bacterial 

communities, those in Uganda have a significantly lower richness than those in either 

Botswana or America; there are no significant differences in Shannon diversity 

(accounting for both richness and evenness) between the three locations; and the 

Faith’s phylogenetic diversity (accounting for richness, evenness, and phylogenetic 

relatedness) is significantly greater in Botswana than in either of the other two cohorts 

(Figure 3.2).   
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Figure 3.1. Gut microbiota of HIV-uninfected individuals are significantly different across 
geography. Inter-sample Jensen-Shannon divergence was calculated for all samples in the 
study and projected onto a 2-dimensional coordinate plane using PCoA. Only HIV-uninfected 
individuals are assigned colors; gray points are HIV-infected subjects. Ellipses are drawn at 
68% confidence interval and centroids are noted with a diamond (u) of the appropriate color. P 
value and R2 are calculated by PERMANOVA of distance matrix by geographical location. Line 
graphs below the x-axis are of relative abundances of the 5 most abundant bacterial families 
based on projecting points from the main panel onto the x-axis. 
 

  

p<0.001 R2=0.104  
 



 

 69 

 

Figure 3.2. Alpha diversity of HIV-uninfected subjects at three geographical locations. 
Alpha diversity metrics of Chao1 (richness), Shannon Diversity (richness and evenness), and 
Faith’s Phylogenetic Diversity (richness, evenness, and phylogenetic relatedness) were 
calculated on the 16S rRNA gene count matrix. Each point represents one sample and behind 
the points is a boxplot indicating middle two quartiles. The black horizontal bar represents the 
median value. P-value calculated by Wilcoxon rank sum test. 
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We can also determine the specific amplicon sequence variants (ASV) that are 

differentially abundant in one geographic location compared to another. ASVs each 

represent a unique 16S rRNA gene amplicon and are equivalent to organizational 

taxonomic units (OTUs) that are clustered at 100% identity (Callahan et al., 2017). The 

determination of exact ASV sequences is made possible by correcting for the error 

introduced by high-throughput sequencing (Callahan et al., 2016). We used the analysis 

tool DEseq2 (Love et al., 2014), which is well-suited to the zero-inflated nature of 

microbial count data (McMurdie and Holmes, 2014), to determine which microbial ASVs 

were differentially abundant between subjects in each geographic cohort.  Because 

similar microbial communities will not have many significant differences in microbial 

abundance, the number of differentially abundant ASVs between two subject 

populations gives a measure of the dissimilarity between these two populations. In 

addition, knowing the identity of the enriched and depleted ASVs can allow the 

prediction of possible functional differences between the two microbial communities. 

Among HIV-uninfected subjects, we found 200 ASVs differentially abundant between 

Boston and Mbarara, 105 ASVs differentially abundant between Gaborone and 

Mbarara, and 100 ASVs differentially abundant between Boston and Gaborone (Figure 

3.3), suggesting that the Ugandan and American subjects’ microbial communities are 

more dissimilar to each other than either is to the Botswanan communities. 
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Figure 3.3. Quantity of differentially abundant ASVs between HIV-uninfected subjects in 
each geographical cohort. Differentially abundant ASVs between each geographic cohort 
were calculated pairwise using DESeq2. The total differentially abundant ASVs between two 
cohorts are contained within the appropriately colored ellipse. ASVs that appear within multiple 
pairwise comparisons with concordant directionality (e.g. an ASV that is enriched in Mbarara, 
Uganda relative to both Gaborone, Botswana and Boston, MA, USA) are counted in the 
appropriate ellipses overlap.  
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By identifying the overlap between the pairwise differences between cohorts, we 

can determine which ASVs uniquely identify each geographic location relative to the 

other two. Boston is characterized by 73 differentially abundant ASVs in comparison to 

the other two cohorts and Mbarara is characterized by 80 differentially abundant ASVs. 

Gaborone is characterized by 4 differentially abundant ASVs, far fewer than the other 

two cohorts, implying overlap with each of the other two cohorts (Figure 3.3). This result 

is due to the great discordance between those ASVs that are differentially abundant 

between Botswana and America and those that are differentially abundant between 

Botswana and Uganda. 

We can appreciate the differences among HIV-uninfected subjects at each 

geographic location at a sample-by-sample level by visualizing those ASVs that are 

differentially abundant between the three cohorts (Figure 3.4). There are many ASVs 

that are present in all three groups but are differentially abundant that appear in the 

center rows of the heat map. Conversely, the ASVs at the top and bottom rows of the 

heat map include many ASVs that are completely absent from the American or 

Ugandan cohort. In contrast, there are few ASVs absent from the Botswanan cohort, 

and almost none absent from that cohort exclusively, suggesting that the Botswanan 

microbiomes could be considered a set of intermediate communities, with ASV 

membership that overlaps substantially with both the other two cohorts. Overall, the 

baseline gut microbial communities of HIV-uninfected individuals at the three 

geographic locations mimic those described in the literature, with greater abundances of 

Prevotella in the most rural sites within the LICs.  
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Figure 3.4. Heat map of differentially abundant ASVs by geography in HIV-uninfected 
subjects. Differentially abundant ASVs between each geographic cohort were calculated 
pairwise using DESeq2. Subjects are arrayed on the x-axis and divided into geographical 
cohort. ASVs are arrayed on the y-axis and their Phylum is indicated by coloring on the left side 
of the figure.  
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 Circulating markers of inflammation are elevated in HIV-infected subjects  3.4

As systemic inflammation is hypothesized to be a contributing factor in many 

chronic complications and causes of additional mortality in HIV, we sought to determine 

whether the HIV-infected individuals in our cohorts exhibited increased levels of 

inflammation. We measured the previously-mentioned established circulating markers 

of inflammation (sCD14 and IL-6), macrophage activation (sCD163), and intestinal 

epithelial damage (FABP2) (Brenchley and Douek, 2012; Brenchley et al., 2006; 

Federico et al., 2009; Haller et al., 2000; Jiang et al., 2009; Kim et al., 2016; Reimund et 

al., 1996; Rogler and Andus, 1998). We found that, compared to HIV-uninfected 

individuals, in HIV-infected individuals sCD14 levels were elevated in all three cohorts, 

FABP2 levels were elevated in Boston and Gaborone (Figure 3.5), and both IL-6 and 

sCD163 were elevated in only Boston (data not shown). These results show that our 

HIV-infected subjects were exhibiting the expected increase in systemic inflammation, 

and that this inflammation may have been related to the activation of macrophages by 

microbial products such as LPS, as sCD14 was the most consistently elevated plasma 

marker. 
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Figure 3.5. Many circulating inflammatory markers are elevated in HIV-infected subjects. 
Inflammatory markers were measured from patient plasma using immunological assays. The 
marker corresponding to each graph is displayed on the y-axis. Each point represents one 
sample and behind the points is a boxplot indicating middle two quartiles. The black horizontal 
bar represents the median value. P-value calculated by Wilcoxon rank sum test. 
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 HIV-associated microbiota differ by geography and baseline microbial context 3.5

Having established and described the distinct baseline microbiota that are present 

in each of our cohorts, we can then evaluate the differences between the microbiota of 

HIV-infected and -uninfected subjects in this context. When plotting on the same 

coordinate system that was previously used to differentiate geographically-disparate 

communities (Figure 3.1), the gut microbial communities of HIV-infected and -

uninfected subjects are significantly different within each cohort as calculated by the 

PERMANOVA test, which takes into account all principal coordinate axes (Figure 3.6). 

In the American and Ugandan populations, there are striking differences with regard to 

HIV infection status that are apparent in a principal coordinates projection and occur 

along the same PCo1 axis that distinguished geographically disparate HIV-uninfected 

subjects. However, the patterns of microbial changes that underlie these significant HIV-

associated differences are unique to each cohort. In Boston, an urban setting within a 

HIC, HIV infection is associated with a more homogeneous overall community structure 

at the family level that has less abundance of members of the bacterial families 

Bifidobacteriaceae, Lachnospiraceae, and Ruminococcaceae and a greater abundance 

of members of the family Prevotellaceae. Conversely, in Mbarara, a rural setting in an 

LIC, HIV infection is associated with a more heterogeneous community with greater 

abundances of the bacterial families Bifidobacteriaceae and Lachnospiraceae and less 

abundance of Prevotellaceae. In Gaborone, which represents the middle of the 

urbanization and economic spectrum as an urban setting in an LIC, HIV-associated 

differences are subtler and not as apparent on the whole community level, though they 

are significantly different when calculated by PERMANOVA.   
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The family-level compositional differences are also apparent in fractional 

abundance graphs of the microbial communities of each subject (Figure 3.7). These 

differences are not strongly borne out in metrics of alpha diversity calculated on the gut 

microbial communities of HIV-infected and -uninfected subjects. When observing 

measures of richness and diversity, there are no significant HIV-associated pairwise 

changes in any of the three cohorts in either Chao1 (richness), Shannon diversity 

(richness and evenness), or Faith’s phylogenetic diversity (richness, evenness, and 

phylogenetic relatedness) (Figure 3.8). 
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Figure 3.7. Fractional abundance composition of subjects’ microbiomes at the family 
level. Subjects’ samples are arrayed on the x-axis. Graphs in columns share the same HIV 
phenotype and graphs in rows share the same geographic cohort. Colors represent the 10 most 
abundant bacterial families. Reads that are not assigned to these families are left blank, 
meaning some bars will not reach the 1.00 fraction. 
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Figure 3.8. Alpha diversity of subjects separated by HIV phenotype at three geographical 
locations. Alpha diversity metrics of Chao1 (richness), Shannon Diversity (richness and 
evenness), and Faith’s Phylogenetic Diversity (richness, evenness, and phylogenetic 
relatedness) were calculated on the 16S rRNA gene count matrix. Each point represents one 
sample and behind the points is a boxplot indicating middle two quartiles. The black horizontal 
bar represents the median value. P-values (none significant) calculated by Wilcoxon rank sum 
test. 
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As previously mentioned, the enteric microbiomes of men who have sex with men 

(MSM) have been found to be enriched in Prevotella at baseline, and this could possibly 

be confounding the HIV-associated microbial signal observed in HICs (Armstrong et al., 

2018; Fulcher et al., 2018; Kehrmann et al., 2019; Kelley et al., 2017; Noguera-Julian et 

al., 2016; Nowak et al., 2019; Nowak et al., 2017; Pescatore et al., 2018). In order to 

work toward deconvoluting these two factors, we constructed our cohort in America, an 

HIC, to have representation from subjects across the combinatorial categories of sexual 

behavior and HIV phenotype. With these subjects, we were able to quantify the HIV-

associated microbial differences in MSM and non-MSM individuals separately, 

essentially controlling for the influence of MSM. Plotting on the same principal 

coordinate axes of Jensen-Shannon divergence used previously shows that among 

non-MSM subjects, there were much weaker, but still significant, HIV-associated 

differences at the whole-community level (p=0.021 R2=0.017), with both HIV-infected 

and HIV-uninfected subjects having microbial communities with low abundances of 

Prevotella (Figure 3.9). However, in MSM subjects, there were strong and significant 

HIV-associated microbial differences (p<0.001 R2=0.047), with the HIV-uninfected 

phenotype characterized by intermediate levels of Prevotella and the HIV-infected 

phenotype characterized by high levels of Prevotella. Through the use of a large cohort 

with good subpopulation coverage, we were able to examine the relationship between 

MSM, HIV, and the microbiota in finer resolution than many previous studies. These 

findings suggest that MSM status and HIV phenotype are behaving as interacting 

factors, in that MSM behavior modifies the outcome of HIV-associated differences, but 
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is not a confounder entirely responsible for the previously-detected signal of HIV-

associated microbiome differences. 
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Figure 3.9. Gut microbiota are much more significantly different between HIV-uninfected 
and -infected subjects within the MSM subset than between those within the non-MSM 
subset in Boston, MA, USA. Inter-sample Jensen-Shannon divergence was calculated for all 
samples in the study and projected onto a 2-dimensional coordinate plane using PCoA. In each 
panel, only subjects from the corresponding geographic cohort are assigned colors; gray points 
are those subjects from the other two cohorts (Botswana and Uganda). Ellipses are drawn at 
68% confidence interval and centroids are noted with a diamond (u) of the appropriate color. 
An arrow indicates the positional change from the centroid of HIV-uninfected subjects to the 
centroid of HIV-infected subjects. P value and R2 are calculated by PERMANOVA of distance 
matrix by geographical location. Line graphs below the x-axis are of relative abundances of the 
5 most abundant bacterial families based on projecting points from the main panel onto the x-
axis. 
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 Diet does not strongly influence microbiota composition in Botswana 3.6

We had detailed diet information of macro- and micronutrient consumption for the 

subjects in the Botswanan cohort. As diet has been shown to have the potential to have 

a substantial effect on the microbiome (David et al., 2014; Wu et al., 2011), we aimed to 

determine whether the measured dietary constituents were associated with microbial 

community state. Characterizing this relationship would allow us to control for diet as a 

confounding factor if it did have a significant correlation with the microbiome. 

The 38 dietary nutrient measurements were transformed by the addition of a 

pseudocount of one and then log transformed to moderate the left skew in the original 

data (Figure 3.10). Then, a principal components projection including normalization was 

performed to extract a mathematical combination of the nutrients that would encompass 

the greatest amount of variation within the diet data in only one measure. This produced 

a PC1 component that correlated well with many nutrients (Figure 3.11), contained a 

substantial amount of the variation within the original data (44.7%), and widely 

distributed each subjects’ diet in order to facilitate better analysis (Figure 3.12). We 

took the position along this axis as a “diet score” for these individuals and used it to 

characterize differences and relationships related to diet. The diet score was not 

significantly different between the different HIV phenotype groups, suggesting that at a 

whole-diet level the diets of the members of each group were similar (Figure 3.13). In 

addition, including the diet score in a PERMANOVA of the Botswanan microbial 

communities did not show a relationship between those two factors (p = 0.121 and R2 = 

0.0075). By this analysis in this cohort, we did not find a strong correlation between diet 

and the enteric microbiome. 
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Figure 3.10. Histograms of Botswanan dietary nutrient distributions after pseudocount 
and log transformation. Original data on 38 nutrients from Botswanan subjects was 
transformed with the addition of a pseudocount of one and log transformation to increase the 
symmetry of the data in preparation for performing a principal components analysis. 
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Figure 3.11. Principal component 1 correlates with many nutrients in the original 
Botswanan diet data. Spearman rank correlation between the first 5 dimensions of the 
principal component analysis. Dimension 1 (PC1) correlates highly with many of the most 
important and well-distributed nutrients, signifying that PC1 adequately describes the diet of 
each subject with only one continuous value. 
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Figure 3.13. Derived Botswanan “diet score” is not significantly different between 
subjects grouped by HIV status. “Diet score” derived from principal component 1 in Figure 
3.12 plotted for each subject separated by HIV status. Shown are HIV-uninfected 
(“1_hiv_negative”), HIV-infected and ART-treated (“2_suppressed”), and HIV-infected and ART-
untreated (“4_unsuppressed”) subjects. Widest horizontal black bar indicates median and 
narrower horizontal black bars indicate upper and lower quartile. Diet score is not significantly 
different between the three groups by Kruskal-Wallis test (p < 0.546). 
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 Cohorts are characterized by unique enriched and depleted taxa when measured at 3.7
high taxonomic resolution  

While whole-community distance metrics and family-level abundances of 

microorganisms give us a broad view of the significant differences between our subject 

groups according to geography and HIV phenotype, we can use ASVs, which are based 

on exact 16S rRNA gene V4 sequences, to describe more fine-scale taxonomic 

differences between our groups of interest. Using DESeq2 analysis of count data of 16S 

ASVs as previously described, we identified multiple ASVs that were enriched or 

depleted in association with HIV within each cohort (Figures 3.14 and 3.15). Out of the 

total 4495 ASVs found in all samples, the number of HIV-associated differentially 

abundant ASVs that were unique to each cohort was 100 in Boston (across 42 species 

assignments), 14 in Gaborone (across 13 species assignments), and 45 in Mbarara 

(across 31 species assignments). 35 ASVs in 16 species assignments were 

differentially abundant in more than one cohort (i.e. “shared” between cohorts). The 

greatest overlap of HIV-associated differentially abundant ASVs was between the 

Ugandan and American cohort, which shared 32 ASVs that were differentially abundant. 

However, most of these (30 of 32 ASVs) had discordant HIV-associations in Boston and 

Mbarara, i.e. those that were increased in HIV-infected individuals in Boston were 

decreased in HIV-infected individuals in Mbarara and vice-versa. This observation 

mirrors the whole-community findings that Ugandan and American microbial 

communities moved in opposite directions in principal coordinate space under an HIV-

driven perturbation. The previous whole-community finding of a less strong association 

between microbial community and HIV phenotype in Botswana than the other cohorts 

was concordant with the observation that only 14 ASVs were differentially abundant with 
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regard to HIV in that cohort, in contrast to the 100 and 45 ASVs identified in Boston and 

Mbarara, respectively. ASVs assigned to genus Prevotella, and more specifically to the 

species copri within that genus, were some of the most commonly occurring ASVs 

(Figure 3.14). The American differentially abundant ASVs include 18 assigned to 

Prevotella of which 9 were assigned to copri; in Uganda 15 were assigned to Prevotella 

and 6 of these to copri; in Botswana 2 were assigned to Prevotella and 1 of these to 

copri; and among shared ASVs, 16 were assigned to Prevotella of which 8 were copri 

(Figure 3.14). In light of the previously described associations between Prevotella and 

HIV, MSM behavior, and geographical location, the frequent occurrence of members of 

this genus among HIV-associated differentially abundant ASVs in our cohorts led us to 

additionally investigate this genus. 
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Figure 3.14. ASVs differentially abundant by HIV status grouped by geographic cohort 
occurrence. Differentially abundant ASVs between HIV-uninfected and -infected subjects within 
each cohort were calculated using DESeq2. Each dot represents one ASV. ASV dot color 
denotes the cohort it was differentially abundant in and ASV dot size represents normalized 
abundance. ASVs that are differentially abundant in only one cohort are displayed in one of the 
corresponding top three boxes; those that are differentially abundant in more than one cohort 
are displayed in one of the corresponding bottom three boxes. ASVs assigned to the same 
binomial name are collapsed and displayed as multiple dots on the same line. The phylum of 
the assigned binomial name is displayed on the right side of the figure alone with the assigned 
binomial name. ASVs present in multiple cohorts are represented with the appropriate number 
of dots, as fold change and abundance is different in each cohort. 
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Figure 3.15. Euler diagram summarizing overlap in differentially abundant ASVs by HIV 
status for each cohort. Summary of differentially abundant ASVs displayed in Figure 3.10. 
Differentially abundant ASVs between HIV-uninfected and -infected subjects within each cohort 
were calculated using DESeq2 and the total ASV count is displayed within the appropriately 
colored ellipse. ASVs that are differentially abundant in more than one cohort are counted in the 
corresponding intersection area. ASVs that are more abundant in HIV-infected subjects are 
referred to as “enriched,” while those that are more abundant in HIV-uninfected subjects are 
labeled “depleted.” In intersections, ASVs are labeled “discordant” if the directionalities of the 
HIV-associated differential abundance do not match, e.g. if that ASV is enriched with regard to 
HIV infection in one cohort but depleted in another. 
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 Microbiota-inflammation relationships are modified by geography  3.8

Beyond describing the HIV-associated enrichment and depletion of certain taxa, 

we aimed to further probe how these taxa associated with clinically relevant measures 

within our subjects. We chose to determine which ASVs were correlated with the 

previously mentioned markers of inflammation that predict mortality in HIV infection. We 

tested the association between the levels of these markers and the abundances of 

ASVs using DESeq2 to determine which ASVs were differentially abundant between the 

subjects in each cohort that were in different quartiles of measured levels of 

inflammatory markers.  

For sCD14, the number of differentially abundant ASVs that were unique to each 

cohort was 9 in Boston (across 6 species assignments), 18 in Gaborone (across 12 

species assignments), and 27 in Mbarara (across 16 species assignments) (Figures 

3.16 and 3.17). There were 3 differentially abundant ASVs shared between the cohorts 

across 3 species assignments. The other three inflammatory markers FABP2, IL-6, and 

sCD163 were not associated with differential abundances of any ASVs. Similar to the 

finding from ASVs associated with HIV status, ASVs taxonomically assigned to the 

genus Prevotella were well represented among ASVs associated with differences in 

sCD14 (Figure 3.16). The American differentially abundant ASVs include 4 assigned to 

Prevotella of which none were assigned to copri; in Uganda 9 were assigned to 

Prevotella and 2 of these to copri; in Botswana 9 were assigned to Prevotella and 6 of 

these to copri; and among shared ASVs, 1 was assigned directly to Prevotella copri. In 

almost every case, P. copri has a negative association with sCD14 levels, suggesting 

that it could be acting in an anti-inflammatory role. Interestingly, there was no 

association between P. copri and sCD14 in the Boston cohort, meaning that in this 
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geographical location it does not appear to be filling any role similar to that proposed 

above. In addition, there were many ASVs that were unique to each cohort rather than 

shared among the cohorts, implying that the inflammatory associations and possible 

functions were geographically-dependent. Interestingly, the relationships between 

sCD14 and ASVs were dissimilar to those between CD4+ T-cell count and bacterial 

ASVs (Figure 3.18), possibly demonstrating that peripheral CD4+ T-cell count is not a 

good measure of microbial-associated immune activation in HIV, especially in 

chronically infected patients. 
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Figure 3.16. ASVs differentially abundant by sCD14 quartile grouped by geographic 
cohort occurrence. Differentially abundant ASVs between subjects in different sCD14 quartile 
within each cohort were calculated using DESeq2. Each dot represents one ASV. ASV dot color 
denotes the cohort it was differentially abundant in and ASV dot size represents normalized 
abundance. ASVs that are differentially abundant in only one cohort are displayed in one of the 
corresponding top three boxes; those that are differentially abundant in more than one cohort 
are displayed in one of the corresponding bottom three boxes. ASVs assigned to the same 
binomial name are collapsed and displayed as multiple dots on the same line. The phylum of 
the assigned binomial name is displayed on the right side of the figure alone with the assigned 
binomial name. ASVs present in multiple cohorts are represented with the appropriate number 
of dots, as fold change and abundance is different in each cohort. 
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Figure 3.17. Euler diagram summarizing overlap in differentially abundant ASVs by 
sCD14 quartile for each cohort. Summary of differentially abundant ASVs displayed in Figure 
3.16. Differentially abundant ASVs between subjects in different sCD14 quartile within each 
cohort were calculated using DESeq2 and the total ASV count is displayed within the 
appropriately colored ellipse. ASVs that are differentially abundant in more than one cohort are 
counted in the corresponding intersection area. ASVs that are more abundant in HIV-infected 
subjects are referred to as “enriched,” while those that are more abundant in HIV-uninfected 
subjects are labeled “depleted.” In intersections, ASVs are labeled “discordant” if the 
directionalities of the HIV-associated differential abundance do not match, e.g. if that ASV is 
enriched with regard to HIV infection in one cohort but depleted in another. 
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Figure 3.18. ASVs differentially abundant by peripheral CD4+ T-cell count above or below 
500 cells/µl grouped by geographic cohort occurrence. Differentially abundant ASVs 
between HIV-infected subjects with peripheral CD4+ T-cell count above or below 350 cells/µl 
within each cohort were calculated using DESeq2. Each dot represents one ASV. ASV dot color 
denotes the cohort it was differentially abundant in and ASV dot size represents normalized 
abundance. ASVs that are differentially abundant in only one cohort are displayed in one of the 
corresponding top three boxes; those that are differentially abundant in more than one cohort 
are displayed in one of the corresponding bottom three boxes. ASVs assigned to the same 
binomial name are collapsed and displayed as multiple dots on the same line. The phylum of 
the assigned binomial name is displayed on the right side of the figure alone with the assigned 
binomial name. ASVs present in multiple cohorts are represented with the appropriate number 
of dots, as fold change and abundance is different in each cohort. 
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 Prevotella copri from different geographic contexts possess different genomic 3.9
functional capacities 

Based on the patterns of associations with HIV infection and host inflammation we 

observed in our data, we decided to concentrate our exploration on bacteria within the 

genus Prevotella, specifically Prevotella copri. Prevotella, both in our study and in 

previous work, have been linked to host factors such as MSM behavior and 

geographical location that are particularly relevant in the context of HIV infection. As 

mentioned previously, members of the genus Prevotella have been found in many 

cases to be correlated with HIV infection and they have been proposed as potentially 

having a pro-inflammatory role in HIV-infected individuals, although there is a great deal 

of conflicting data regarding these conclusions (Duvallet et al., 2017; Lozupone et al., 

2013; Lozupone et al., 2014; Noguera-Julian et al., 2016).  

Also contributing to our decision to focus on P. copri were our findings that P. copri 

represented a substantial fraction of the Prevotella in the subjects in our studies (Figure 

3.19), in concordance with prior work showing that it generally accounts for a substantial 

majority of Prevotella in the gut (Franke and Deppenmeier, 2018; Human Microbiome 

Project, 2012; Ley, 2016). In addition, P. copri has previously been connected with 

inflammatory conditions like rheumatoid arthritis (Scher et al., 2013) and osteolytic bone 

disease (Lukens et al., 2014), demonstrating that it may have inflammatory potential. In 

addition, only RefSeq contains only 22 sequenced P. copri genomes, so it is likely there 

is still meaningful uncharacterized diversity within the species. P. copri’s association 

with many dietary and metabolic interactions add to a diverse range of functions 

attributed to P. copri, and this diversity in function and occurrence has made it a good 
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candidate for examination at high taxonomic resolution (De Filippis et al., 2019; Metwaly 

and Haller, 2019).  

To this end, we anaerobically isolated 115 single clones of P. copri from samples 

originating from HIC subjects in Boston, MA, USA and LIC subjects in Mbarara, 

Uganda. Our goal was to identify genomic variation that might account for observed 

functional differences as well as provide insight into the global diversity of P. copri by 

using isolates from two disparate geographic locations. After isolation and high-

throughput sequencing, the P. copri genomes were assembled and the sequence of the 

16S rRNA gene was determined for each isolate. We matched this sequence with the 

16S rRNA gene ASVs derived from the subjects in our cohorts in order to establish 

which ASVs in the original 16S rRNA gene amplicon sequencing could have been 

contributed by our P. copri isolates. This would provide us with an approximation of the 

fraction of the enteric bacterial community represented by our isolates. We found that 

ASVs identical to those in our isolates accounted for a large proportion of the bacterial 

communities in our subjects (Figure 3.19), making it more probable that our isolate-

derived conclusions can be extrapolated to the function of the total bacterial community. 
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Figure 3.19. Fractional abundance composition of subjects’ microbiomes at the family 
level with sub-division of Prevotellaceae. Subjects’ samples are arrayed on the x-axis. 
Graphs in columns share the same HIV phenotype and graphs in rows share the same 
geographic cohort. Colors represent the 10 most abundant bacterial families with 
Prevotellaceae split into three groups representing Non-copri Prevotella, P. copri whose ASVs 
do not match an isolate, and P. copri whose ASVs do match an isolate. Reads that are not 
assigned to these families are left blank, meaning some bars will not reach the 1.00 fraction.   
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To collapse the isolate clones into unique genomes, we quantified pairwise 

dissimilarity with the binary jaccard distance calculated on the presence/absence of 

gene clusters created with 95% amino acid similarity (similar to the heat map in Figure 

3.20). We determined that a pairwise distance of 0.40 maximized the number of 

collapsed clones without collapsing two clones from different samples. After collapsing, 

we had 29 unique genomes (17 from Boston, MA, USA; 12 from Mbarara, Uganda), 

which were hierarchically clustered using the complete linkage method (Figure 3.20). 

The clustering significantly separated the two geographical groups (p < 0.002) as 

calculated by a mantel test against groups, demonstrating that more genes are shared 

among isolates that were derived from the same geographic cohort. On the gene 

presence/absence heat map, a total core genome and a subclade core genome are 

visible as well as the accessory genomes that are often private or shared by only a few 

unique isolates. 

In order to explore the functional genomic capacity of each unique isolate, we 

assigned KEGG orthology designations to the gene clusters, which could then be 

assembled into metabolic pathways and protein groups. From this, we could determine 

the completeness of these pathways and the presence or absence of functional proteins 

in each unique isolate. Using a combination of statistical screening and manual 

curation, we identified several KEGG pathways and functional groups whose 

completeness or functionality was significantly enriched or trending toward enrichment 

by geography, suggesting that the differences in genes seen across geographies by 

hierarchical clustering could lead to downstream functional differences.  
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Figure 3.20. Gene content comparison and clustering of unique P. copri isolates. Isolate 
number and subject ID are arrayed on the y-axis with cohort membership. Genes are arrayed 
on the x-axis and heat map panel colors indicate presence or absence of a gene cluster in the 
corresponding genome. Genes are determined by clustering at 95% amino acid similarity. 
Dendrogram clades with membership from only one cohort are colored accordingly. All 
clustering was performed on binary jaccard distance calculated on gene cluster 
presence/absence tables. Rows (isolates) are hierarchically clustered using the complete 
linkage method. Columns (genes) are hierarchically clustered using Ward’s method without 
squaring. P-value of clustering against cohort grouping calculated by Mantel Test against 
groups. 
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Among those pathways enriched or trending towards enrichment were several that 

would allow P. copri to respond to its environment or utilize available sources of energy. 

Some examples of these include two-component regulatory response systems, proteins 

involved in bacterial chemotaxis, and sugar hydrolases (Figure 3.21). The two histidine 

kinase-driven regulatory systems BaeS/BaeR and ResE/ResD were both enriched in 

the Ugandan isolates in comparison to the American P. copri (p = .043 for each). 

BaeS/BaeR systems often function to upregulate protective gene products such as 

efflux pumps in gram-negative bacteria in response to envelope stress, such as that 

induced by copper ions, flavonoids, indole, or antibiotics (Koler et al., 2016; Leblanc et 

al., 2011; Lin et al., 2014). The ResE/ResD family of proteins serve to drive nitrate 

respiration, biofilm formation, and the production of intermediates necessary for 

anaerobic growth in a low oxygen environment (Hartig et al., 2004; Nakano et al., 1996; 

Zhou et al., 2018a). In addition to the previously mentioned protein systems that enable 

environmental responsiveness, genes associated with the bacterial chemotaxis sensor 

MCP were trending toward enrichment in Uganda (p = 0.083). MCP and its downstream 

effectors serve to drive movement in response to external stimuli and are well 

represented in Prevotella within the oral cavity (Salah Ud-Din and Roujeinikova, 2017; 

Wang et al., 2013).  
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Figure 3.21. Select KEGG pathways enriched or trending towards enrichment by 
geography in Prevotella Copri isolates. A selection of four representative pathways 
reconstructed from assembled genomes of P. copri isolates. Enzymes on a red background are 
present in at least one isolate. Enzymes with a white background were not present in any 
isolate. Numbers in boxes directly above the red enzymes represent the number of isolates that 
had that enzyme and the numbers are split into counts of American (red) and Ugandan (blue) 
isolates. Numbers in boxes between two enzymes represent the number of isolates that had 
both enzymes. Boxes with asterisks are the numbers of isolates that had the complete pathway. 
P-values were calculated by Barnard’s Unconditional test (a more powerful alternative to 
Fisher’s exact test) using the total numbers of unique isolates in each location (Boston = 17, 
Mbarara = 12). 
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The catabolic enzyme dextran hydrolase is significantly enriched in P. copri 

isolates from Boston (p = 0.032). This enzyme hydrolyzes the glucose-based 

polysaccharide dextran to produce glucose disaccharides and is a potential source of 

energy for the microbiota (Sarbini et al., 2011). Similar to the MCP functional group, 

dextran hydrolase activity has been previously demonstrated in numerous oral 

Prevotella (Igarashi et al., 1998), so it is not unexpected that this enzyme would be 

abundant in P. copri. In addition, the substrate dextran is widely used as a food additive 

in roles such as a thickener for jam or ice cream (Bhavani and Nisha, 2010) that might 

result in a greater prevalence in HICs and consequently greater evolutionary pressure 

on the enteric microbiome of individuals in those geographies to adapt to use it as an 

energy source (Truong et al., 2017). The many functional differences between P. copri 

isolated from disparate geographic locations provides support for the conclusion that 

substantial and meaningful variation can exist at the sub-species level and could help 

explain the contrasting associations we observed in our study and those reported in the 

literature (Metwaly and Haller, 2019; Truong et al., 2017). 

 Discussion: Relationships between HIV infection, gut microbial community, and 3.10
systemic inflammation are greatly influenced by host context 

In assessing which ASVs were associated with differences in HIV infection status, 

the majority of the ASVs we found were differentially abundant in only one geographic 

cohort (Figure 3.14), implying that HIV-associated microbiota differences can vary 

greatly across geographic contexts. Even among those ASVs whose association with 

HIV was present in multiple cohorts, the directionality and magnitude of this association 

varied widely, with some ASVs exhibiting HIV-associated enrichment in one cohort and 

HIV-associated depletion in another. Of the 194 ASVs identified as differentially 
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abundant in any cohort, only 1 ASV exhibited the same directionality of HIV association 

in all three cohorts. In addition, within the Boston HIC cohort MSM behavior must also 

be taken into account when attempting to predict HIV-associated differences, as we 

observe that sexual behavior can act as an interacting factor that further modifies the 

microbial differences. These findings demonstrate that, although there were HIV-

associated differences in gut bacterial communities in all three cohorts, the specific 

differences are particularly context-dependent when taking into account the expected 

baseline microbial community of an individual. 

These observations fit into a larger model derived from our data, in which HIV 

infection drives unique microbial changes for each of the different baseline gut microbial 

communities present in individuals in different geographic locations. Within this context, 

the variations in associations between bacterial taxa and inflammatory markers suggest 

that HIV infection may disrupt some pre-existing anti-inflammatory microbial functions 

while also allowing the emergence of new relationships, though the nature of the 

changes in these relationships probably vary by the original microbial milieu. While it 

may seem trivial to conclude that HIV-associated differences are dependent on the 

starting microbial community, there are numerous examples in the literature of 

microbiome perturbations that are so strong and repeatable as to drive similar microbial 

changes. For example, extreme dietary interventions such as diets high in protein and 

fat and very low in carbohydrates have been shown to produce characteristic 

community endpoints regardless of the membership and structure of the starting 

microbial community (David et al., 2014). By showing that HIV infection has the 

characteristics of a context-dependent enteric microbiome perturbation, we provide 
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valuable insight that can aid further studies and therapeutic development within this 

field. This knowledge can help investigators avoid confounders, latent variables, and 

similar pitfalls that might arise when trying to conduct studies or deploy and measure 

interventions on an international scale. 

 Discussion: Limitations of this study 3.11

There were several limitations of this study. As this work was conducted at three 

sites spanning two continents and managed by three different groups with different 

study objectives, there was not always complete coordination across all three locations. 

While this did not have a major impact on the conclusions of this study, there were 

many categories of clinical metadata that were only collected at one or two study sites 

and therefore could not be compared between the three cohorts. This is an unfortunate 

lost opportunity as these were effectively partially collected patient data in the context of 

our study that combined all three sites. Had we been able to collect more metadata at 

all three sites, we would have been able to investigate far more possible hypotheses 

and characterize more relationships. One important example of this is with regards to 

dietary information. While we had dietary information for all three cohorts, these were 

collected with disparate methodologies and so we were unable to compare diet between 

these populations, which could have possibly provided insight into dietary factors driving 

geographical microbiome differences. In addition, only the dietary data from the 

Botswanan cohort was detailed and consistent enough to meaningfully analyze in 

comparison to the microbiome. The inability to do a complete analysis of the dietary 

contribution to our observed microbiome differences is unfortunate as diet has been 
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shown to have a substantial effect on the microbiome (David et al., 2014; Wu et al., 

2011). 

Another broad category of limitations to this study is possible confounders that we 

were not able to fully control for. For example, we did not have information regarding 

sexual practices such as MSM in either the Botswanan or Ugandan cohort, as MSM 

behavior can substantially affect the gut microbiome (Armstrong et al., 2018; Fulcher et 

al., 2018; Kehrmann et al., 2019; Kelley et al., 2017; Noguera-Julian et al., 2016; Nowak 

et al., 2019; Nowak et al., 2017; Pescatore et al., 2018). However, this is less 

concerning than a lack of this data would be in an HIC environment, as the HIV 

epidemic in sub-Saharan Africa is more characterized by heterosexual transmission of 

the virus (Fettig et al., 2014), meaning that the presence of MSM behavior is likely to be 

relatively less prevalent among our study subjects. Similarly, we did not have data on 

whether subjects in the Botswanan cohort lived in the urban environment of Gaborone 

or travelled from the more rural areas outside the city. As urbanization is associated 

with differences in the gut microbiome (Ayeni et al., 2018; Winglee et al., 2017), this 

may have affected our findings to some extent. Another possible confounder was that 

all the HIV-infected subjects in the Ugandan cohort were receiving co-trimoxazole 

prophylaxis which could have altered their microbiota. Co-trimoxazole is lightly studied 

compared to other antibiotics and the data is somewhat conflicting, but overall it may 

have a relatively more mild effect on the gut microbiota, as discussed in chapter 2 as 

well as other studies (de Bonnecaze et al., 2018; Hara et al., 2012; Kofteridis et al., 

2004; Mavromanolakis et al., 1997; Monaco et al., 2016; Oldenburg et al., 2018; 

Stamey et al., 1977). 
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 Discussion: Conclusion 3.12

Here we report one of the first studies examining the relationship between HIV 

infection and the enteric microbiome to encompass three diverse geographic locations 

on two continents that represent the many dimensions of the HIV epidemic and thereby 

allow the direct comparison of HIV-associated gut microbiome differences in HICs and 

LICs. We demonstrate that there are unique HIV-associated gut microbial differences, 

both at the whole-community and individual taxa levels, at each of these locations. 

These microbial differences also coincide with differences in the relationship between 

microbial taxa and host inflammatory markers. In addition, while there are members of 

the genus Prevotella found in all of these geographic locations, the functional 

associations of individual ASVs within this genus appear to shift substantially with 

differences in geographical context. Taken together, these findings suggest that HIV 

infection could alter anti-inflammatory microbial functions and allow the emergence of 

new functions, though all of these effects are highly context-dependent on the pre-

existing gut microbial community. These changes may also occur at high taxonomic 

resolution, with functional variation and shifts possibly occurring at the species or strain 

level. This model has significant implications for efforts that intend to translate the 

results of HIV-microbiome studies between different geographical locations. Our 

findings suggest that in order to draw conclusions about the relationship between HIV 

infection, enteric microbiome changes, and host effects, studies must be conducted 

within the relevant patient populations, as inter-population variation might be so great as 

to drastically change conclusions. 
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Chapter 4: Significance and Future Directions 
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 Significance 4.1

HIV is responsible for a substantial burden of disease on a global scale, with 

some of the greatest effects in LICs and sub-Saharan Africa (UNAIDS, 2018). With the 

development and deployment of effective ART, acute mortality from HIV as an 

infectious disease has declined, but chronic sequelae in infected individuals still result in 

significantly increased overall mortality for these patients (Collaboration of 

Observational et al., 2012; Egger et al., 2002; Katz and Maughan-Brown, 2017). As this 

excess mortality is closely linked with inflammation (Centers for Disease Control and 

Prevention, 2008; Egger et al., 2002; Lewden et al., 2007; Lohse et al., 2007; Triant et 

al., 2008), the gut microbiome is a potential contributor to this mortality by an 

inflammation-related mechanism. Supporting this model are the findings that HIV 

disrupts the enteric immune system that normally curates the gut microbiome 

(Brenchley et al., 2004; Douek et al., 2009; Klatt et al., 2008; Sandler and Douek, 2012) 

and that disrupted gut microbial communities are capable of driving host inflammation 

and pathology in many other contexts (Cho and Blaser, 2012; Friedrich, 2013; Littman 

and Pamer, 2011). While there has been a growing body of research investigating this 

potential connection between HIV infection and the gut microbiome (Tables 1.5 and 

1.6), this work has largely been conducted in HICs rather than LICs where the impact of 

the HIV epidemic is greatest (Figure 1.3). This is particularly concerning in the context 

of gut microbiome research, as geographical differences are associated with some of 

the greatest variation in gut microbiome composition and structure (Figure 1.4). 

To address this gap in prior research, we undertook a study to directly compare 

HIV-associated enteric microbiome differences in HICs and LICs. Our work, conducted 

on a background that is representative of the global span of gut microbiome 



 

 112 

compositions (Figure 3.1), demonstrates that HIV-associated gut microbiome 

differences are highly dependent on host context, including such factors as geography 

(Figure 3.6) and sexual behaviors (Figure 3.9). These findings have great utility for 

informing further study and development of therapeutic interventions directed at the gut 

microbiome in HIV infection. With regards to further study, we have highlighted the 

significance of a potentially strong confounder that could interfere with the ability to 

detect true relationships between the microbiome and host health in HIV infection or 

introduce spurious relationships, similar to the complicating effect that MSM behavior 

has on the study of HIV infection and the gut microbiome (Armstrong et al., 2018; 

Fulcher et al., 2018; Kehrmann et al., 2019; Kelley et al., 2017; Noguera-Julian et al., 

2016; Nowak et al., 2019; Nowak et al., 2017; Pescatore et al., 2018). Taking care to 

control for host context factors such as geography or MSM behavior will improve the 

efficiency and efficacy of future study of HIV and the microbiome.  

In relation to the design of therapeutic interventions targeted at alleviating chronic 

inflammation, pathology, and mortality in HIV infection, our findings can contribute to the 

development of more effective therapies. Current trials of microbiome-directed therapies 

such as probiotics in HIV have produced conflicting results and experienced only limited 

success (Cunningham-Rundles et al., 2011; d'Ettorre et al., 2015; González-Hernández 

et al., 2012; Hummelen et al., 2011; Irvine et al., 2010; Miller et al., 2016; Monachese et 

al., 2011; Reid, 2010; Schunter et al., 2012; Stiksrud et al., 2015; Villar-Garcia et al., 

2015). This is potentially due to a mismatch between the mechanism of the therapy and 

the healthy “baseline” community of the patients. This mismatch will be increased if 

these therapies are implemented more widely in the future to patient populations with 
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meaningfully different host contexts. For example, a therapeutic intervention developed 

in one host context, such as individuals in HICs, may have severely impaired 

effectiveness when deployed in another host context, such as individuals in LICs, that is 

significantly different with regard to baseline microbiota and its interaction with HIV 

infection. On a broader public health and health equity level, the importance of host 

context in microbiome-targeted therapeutics for this indication may serve to exacerbate 

the already-present inequality between HICs and LICs in HIV as it is likely that a 

substantial fraction of development of these interventions will be conducted in HICs, 

thereby limiting their application in LICs, especially in sub-Saharan Africa, that bear a 

disproportionate burden of HIV disease. The insight gained from our study can help 

inform and drive the development of microbiome-targeted therapeutics that are well-

suited to the HIV-affected populations in LICs that might not otherwise benefit as greatly 

from these medical interventions. 

Our work helps further characterize Prevotella and contributes to related 

methods development and validation for Prevotella isolation. Prevotella are an essential 

and important constituent of the gut microbiome, with associations with geography (De 

Filippo et al., 2010; Gomez et al., 2016; Gorvitovskaia et al., 2016; Lozupone et al., 

2013; Martinez et al., 2015; Obregon-Tito et al., 2015; Schnorr et al., 2014; Smits et al., 

2017; Wu et al., 2011; Yatsunenko et al., 2012), inflammatory diseases like rheumatoid 

arthritis (Scher et al., 2013) and osteolytic bone disease (Lukens et al., 2014), and diet 

(De Filippis et al., 2019; De Filippis et al., 2016; Kovatcheva-Datchary et al., 2015; 

Metwaly and Haller, 2019). As P. copri normally constitutes the overwhelming majority 

of Prevotella species in the gut (Franke and Deppenmeier, 2018; Human Microbiome 
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Project, 2012; Ley, 2016) and is a genomically dynamic organism that contributes 

greatly to geographically-associated microbiome differences (Vangay et al., 2018), this 

species in particular merits increased focus. However, since the original isolation of the 

P. copri type strain in Japan (Hayashi et al., 2007), there have only been 22 sequenced 

P. copri deposited in the Refseq database: 19 from Shenzhen, China and one each 

from the United Kingdom, India, and Japan (the type strain). A recent large 

metagenomic study analyzing over 1000 samples found that P. copri metagenomes 

could be divided into 4 geographically-associated subclades (Truong et al., 2017), 

implying that, similar to the gut microbiome as a whole, the greatest amount of variation 

within P. copri is associated with geographical differences. Taking into account the 

general importance of P. copri, its high abundance and prevalence in LICs, and the 

degree to which it varies geographically further highlights the discordance between the 

geographic distribution of resources for studying P. copri (as indicated by the origins of 

the sequenced genomes) and the locations where study of P. copri could have the 

greatest impact. 

The scope of this project included the development and validation of techniques to 

efficiently isolate P. copri from clinically relevant cohorts. We successfully isolated an 

estimated 27 new P. copri variants from previously unrepresented populations, and 

validated our culturing strategy as a rapid and accurate phenotypic test for 

differentiating P. copri from other Prevotella and Bacteroides in order to accelerate 

isolation. By drastically expanding the pool of sequenced P. copri genomes, we are 

greatly advancing the study of P. copri at sub-species or strain level. In addition to 

directly allowing the discovery of strain-specific differences between our P. copri 
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isolates, the genomes will aid in the further single genome or metagenomic assembly of 

new P. copri genomes. Interrogating the strain-level variation within P. copri is a 

particularly fruitful scientific pursuit, because recent work has suggested that strain-level 

variation might be the most important scale at which to examine organisms in the 

Prevotella genus and that the association between Prevotella and host diet may be 

linked with strain-level diversity (De Filippis et al., 2019; Metwaly and Haller, 2019). 

Our promising results in identifying geographically associated differences within P. 

copri isolates also serve to provide greater motivation for exploring Prevotella as well as 

important enteric bacteria in general at a more global scale. This conclusion regarding 

the necessity of exploring the human-associated microbiota on a global scale is 

applicable both to our specific field of HIV-gut microbiome interactions as well as the 

broader discipline of microbiome study, and is in concordance with other work showing 

the functionally relevant degree to which the enteric microbiome can vary across the 

world (Smits et al., 2017). The findings from our comparative genomic investigation of 

P. copri genomes are preliminary, but suggest that within P. copri, meaningful 

geographic variation could include genes coding for environmental response elements, 

chemotaxis, and catabolic enzymes (Figure 3.21). This variation could allow different 

strains of P. copri to be better suited for their unique environment by modifying the 

repertoire of environmental changes to which they can respond, modifying their 

response to the same set of environmental changes, or allowing them to utilize different 

sources of nutrients. Lastly, our findings also support the importance of isolate culturing 

and sequencing as complementary method to strictly metagenomic sequencing, as they 
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provide a unique insight into genomic variation that is guaranteed to truly exist between 

two different bacterial strains. 

Beyond the field of HIV-microbiome associations and Prevotella genomics, the 

work described in this dissertation also contributes to the fields of MSM-associated 

microbiome, diet and the microbiome, and urbanization and the microbiome. We have 

assembled a large cohort containing numerous subjects representing the combinations 

of MSM behavior and HIV phenotype. Our data add to the body of work describing an 

MSM-characteristic microbiome (Section 1.7) as well as the HIV-associated differences 

among MSM (Section 3.5). With regards to diet and the microbiome, we report that in 

the mixed urban-rural population of Gaborone in the LIC of Botswana, we did not detect 

a nutrient-associated signal within the microbiota. This finding adds to the growing body 

of knowledge concerning the influence of diet on the microbiome under different 

contexts and dietary variation. Because our study included two sites in sub-Saharan 

Africa, one rural and one urban, and found differences between each of the sites 

(Figure 3.1), our data support the prevailing model that even within similar geographic 

regions, the degree of urbanization can have a significant effect on the microbiome 

(Ayeni et al., 2018). 

In a more abstract sense, our study contributes to the body of literature 

describing the general effect size and universality of gut microbiome perturbations, 

further elucidates the characteristics that meaningfully differentiate these perturbations, 

and helps classify the specific perturbation of HIV infection within this intellectual 

framework. The data presented here will aid in defining the boundaries and distribution 

of the effect sizes of gut microbiome perturbations that span from those with a great 



 

 117 

effect on the gut microbiome, such as drastic diet changes or significant gastrointestinal 

infections, to those with an inconsequential or spurious effect on the gut microbiome, 

such as choice of eyewear or television viewing habits. By accumulating more data with 

regards to which perturbations in general are significant or trivial, we also help create a 

kind of informal classifier composed of characteristics and relationships that will 

enhance our ability to a priori predict the effect of undescribed perturbations. For 

example, if there were no prior data on what the introduction of a selected 

microorganism would have on the gut microbiota, the effect of that addition might be 

predicted by the relative balance of similarities between that organism and a pathogen 

such as Salmonella enterica or that organism and a commensal bacterium. Lastly, in a 

more concrete sense our study helps situate HIV infection as a microbiome perturbation 

within this intellectual framework, providing support for the conclusion that HIV infection 

can have a substantial effect on the gut microbiome, though not on the scale of 

previously described major perturbations such as severe gastrointestinal infection. 

Similar to the contribution to general knowledge regarding the effect size of 

microbiome perturbations, our work helps elaborate on a related dimension of 

universality or variance. Our findings can aid in the definition of paradigms surrounding 

the universality or variance of microbiome perturbations that are comparable to the 

intellectual framework surrounding microbiome perturbation effect size described above. 

As a concrete example in our case, our data suggest that HIV infection is a high 

variance microbiome perturbation that does not produce universal results. This is due to 

the great influence that host context and other factors have on the magnitude and 

directionality of gut microbiome change during HIV infection, with substantially different 
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outcomes resulting when this perturbation is applied to different starting microbial 

communities and host contexts. This is in contrast to a microbiome perturbation that has 

a more universal effectiveness and outcome that is less dependent on outside factors. A 

previously referenced example of a perturbation with these characteristics is drastic diet 

interventions, whose effect on the gut microbiome is so strong that its outcome is 

significant and consistent regardless of pre-existing host state (David et al., 2014). 

As research into the microbiome is progressing towards human health 

applications, the concepts above can be further illuminated and contextualized with the 

use of clarifying analogies in medicine. In the larger context of human disease, there are 

diseases whose effects are so robust that outcomes are consistent and there are also 

diseases whose outcomes vary wildly, often as the result of an interaction with a host or 

environmental factor. Examples of diseases or health events with robust effects are 

those such as severe intracranial hemorrhages or aggressive metastatic neoplasms 

which are highly likely to result in disastrous health outcomes and small cuts or 

abrasions which are unlikely to lead to a severe health outcome. Conditions with state-

dependent effects include many autoimmune diseases such as asthma or type 1 

diabetes mellitus, which often involve predispositions due to host factors but often 

require an environmental stimulus to trigger. Depending on the degree of interaction 

from that external stimulus, the course of the disease can vary widely. It is important to 

distinguish, recognize, and increase our knowledge about differences such as this in 

medicine, study of the microbiome, and the overlap between these two fields, as 

differently robust diseases and perturbations demand a fundamentally different 

responses and conceptual frameworks. This can include the importance and urgency of 



 

 119 

an intervention, as the course of less robust diseases and microbiome perturbations can 

be more greatly modified than those of more robust diseases, and therefore 

interventions can have greater value in less robust perturbations when viewed in this 

light.  

 Future Directions 4.2

The work presented here could be extended by a wide variety of future 

investigation that further explores the microbial communities of interest as well as 

extends into more functional characterizations of individual bacterial isolates. While a 

substantial fraction of the P. copri ASVs observed in our original 16S rRNA gene 

sequencing were accounted for by the isolates we obtained (Figure 3.19), there were 

still samples that had relatively low coverage of these ASVs by our isolates. Additional 

culturing from remaining fecal samples could achieve much more complete 

representation of the full P. copri biodiversity contained within our samples. These 

efforts to expand the pool of isolates to target unrepresented ASVs could include 

screening steps with Sanger sequencing of 16S rRNA gene amplicons in order to apply 

the entire isolation pipeline to only those individual colonies that contain unrepresented 

16S rRNA gene sequences. 

In addition to expanding the collection of P. copri isolates, another important next 

step in this work is functional testing and characterization of P. copri isolates. Based on 

preliminary comparative genomic findings of possible functional differences (Figure 

3.21), directed testing of the ability of the isolates to catabolize dextran and use it as an 

energy source could be informative. To complement directed metabolic testing, we 

could use broad functional screening systems such as Biolog, which would expose the 
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bacteria to a wide variety of metabolites and inhibitors in order to more fully characterize 

their functional phenotype. This testing and screening could also be performed in 

defined mixed microbial communities containing combinations of the P. copri isolates as 

well as other bacterial isolates in order to probe the ability of these organisms to 

complement one another and form complete metabolic pathways on a community scale. 

Learning more about the P. copri isolates would greatly increase their value as a 

reagent to use in future experimentation. 

Another next step in the continuation of this work would be the use of additional 

sequencing-based tools to characterize the microbial communities in the fecal samples 

collected from our subjects. We originally used amplicon sequencing of the 16S rRNA 

gene to quantify the gut microbiota of the subjects in our study due to the large study 

size and, at the time, the substantial resource outlay necessary for other sequencing 

strategies. However, since then other sequencing methodologies have become more 

accessible and scalable. Shotgun high-throughput sequencing of the total metagenomic 

content of a bacterial community can offer several advantages over 16S rRNA gene 

amplicon sequencing, especially in fecal samples where bacterial DNA is abundant 

relative to host DNA (Marotz et al., 2018). Available analysis tools can use 

metagenomic data directly to characterize and quantify bacterial taxonomy, often at 

greater resolution than that possible with 16S rRNA gene amplicon sequencing (Segata 

et al., 2012), making strain-level identification of microbes much more possible (Truong 

et al., 2017). There are also computational techniques for reconstructing metabolic 

pathways present in metagenomic data (Franzosa et al., 2018). A newly emerging set of 

bioinformatics tools has greatly improved the ability to assemble genomes from 
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metagenomic sequencing (Nayfach et al., 2019; Pasolli et al., 2019), so shotgun 

sequencing of our samples would allow us to assemble genomes both to verify them 

against our isolate genomes and to discover new bacterial genomes. 

The previously described sequencing approaches only probe the DNA of the 

bacterial portion of the gut microbiome. Future work could marry this with sequencing of 

the fungal (mycobiome) or viral (virome) components of the gut microbiome. We have 

already collaborated with investigators to perform virome work (Monaco et al., 2016), so 

enlarging our research to encompass other domains of life is a viable next step. In 

addition to expanding the taxonomic focus of our sequencing, we could also expand the 

nucleic acid focus of our sequencing by including RNA in order to determine bacterial 

transcriptomics. While genomic DNA only gives a window into the genetic potential of 

an organism (i.e. what it is capable of doing), sequencing RNA is the first step into 

characterizing what an organism is actually doing. We could perform a targeted 

transcriptomic investigation of those differentially abundant genes between America and 

Uganda in order to determine if the genomic differences are borne out in a 

transcriptomic context. Going beyond nucleic acid sequencing, we could also perform 

proteomics or metagenomics to profile the proteins and small molecules being produced 

within the bacterial communities. This would provide insight even further downstream in 

the translation of genotype into phenotype. 

Most of the future work proposed so far is of a much more observational nature, 

rather than involving interventions or perturbations that more directly probe causality. 

With the resources of viable fecal samples and bacterial isolates, we could employ an in 

vivo mouse model to demonstrate a causative link between certain microbes of interest 
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and chronic inflammation and inflammation-related pathologies that are common to HIV 

infection. For example, cardiovascular disease (CVD) is one of the major long-term 

pathologies in HIV-infected individuals (Table 1.4) and there exists an established 

ApoE-/- C57BL/6 mouse model for assessing the effect of the microbiome on CVD 

phenotypes (Bennett et al., 2015; Fisher et al., 2012; Gregory et al., 2015; Koeth et al., 

2013; Wang et al., 2011; Wang et al., 2015). These mice lack the cholesterol particle 

constituent apolipoprotein E and more rapidly develop atherosclerosis with lesions that 

resemble those found in humans (Meir and Leitersdorf, 2004; Nakashima et al., 1994). 

This model has previously been used to show that transplanted bacterial communities 

can modulate CVD disease status, even without a germ-free recipient (Gregory et al., 

2015). We could perform in vivo transplantation of microbes of interest into this model to 

determine if HIV-associated microbial communities have the potential to induce CVD.  

For an in vivo experiment using the ApoE-/- C57BL/6 mouse model, we could 

take advantage of the P. copri isolates we have collected by establishing them in the 

mice either singly, in combination, or as a supplement to a baseline community made 

from whole stool. Prior to transplant, the mice would receive a 3-week conditioning 

regimen with the antibiotics vancomycin, neomycin, metronidazole, and ampicillin to 

prepare them for transplant and at then end of this regimen, the animals would be 

gavaged on a schedule described in the literature (Figure 4.1) (Gregory et al., 2015). 

We could assess serum cardio-active metabolites such as TMAO and inflammatory 

serum cytokines IL-1β, IL-6, IL-8, TNF-α, and sCD14 (Brenchley and Douek, 2012; 

Brenchley et al., 2006; Federico et al., 2009; Haller et al., 2000; Jiang et al., 2009; Kim 

et al., 2016; Reimund et al., 1996; Rogler and Andus, 1998; Tanoue et al., 2008; Van 
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De Walle et al., 2010), which have all been previously referenced and could indicate an 

immune-related mechanism driving CVD pathology. 

We could assess the degree of CVD pathology that develops within the 

transplanted mice as measured by aortic plaque, lipid-laden monocyte foam cells, and 

macrophage infiltration into vascular plaques (Figure 4.2). To quantify lipid content and 

foam cell abundance, isolated monocytes would be fixed and stained with Oil-Red-O 

and hematoxylin using protocols established in our lab similar to those previously 

published (Wang et al., 2011; Wang et al., 2015). Fixed cardiac tissue could be 

sectioned and then stained with Oil-Red-O and hematoxylin to identify atherosclerotic 

lesions or with immunohistochemical staining for Iba1 (ionized calcium-binding adapter 

molecule 1) to identify macrophages embedded in the vessel walls (Gregory et al., 

2015). On these macrophages, we could measure surface expression of scavenger 

receptors by flow cytometry using antibodies for scavenger receptors SR-A1 and CD36 

and macrophage markers F4/80 and CD11b (Cailhier et al., 2005; Kunjathoor et al., 

2002; Schledzewski et al., 2006; Wang et al., 2011). By assessing these multiple 

markers of systemic inflammation and CVD pathology in this ApoE-/- C57BL/6 

microbiome transplant mouse model, we could more strongly establish a link between 

specific HIV-associated (either by enrichment or depletion) microbes (such as our P. 

copri isolates) and the chronic complications of HIV that have been observed in 

population studies. 
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Figure 4.1. Schema for fecal transplant into ApoE-/- C57BL/6 mice to quantify induced 
inflammation. Conventionally raised mice are conditioned with antibiotic treatment and then 
orally gavaged with preparations of host stool and isolated bacteria as indicated in the figure. 
Regular blood draws and stool 16S rRNA gene amplicon sequencing is performed to monitor 
disease progression and fecal transplant engraftment. At 20 weeks mice are sacrificed in order 
to perform assays in Figure 4.2. Adapted from (Gregory et al., 2015). 
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Figure 4.2. Cardiovascular disease assays performed on ApoE-/- C57BL/6 mice after 
sacrifice. Assays performed after sacrifice noted in Figure 4.1. Blood and vascular sections are 
taken from the mouse and stained with Oil-Red-O and lba1 antibodies. Oil-Red-O staining of 
aortic cross sections is used to quantify the area of aortic lesions, Oil-Red-O staining of blood is 
used to quantify the abundance and size of lipid-laden monocyte foam cells, and lba1 staining of 
aortic cross sections is used to quantify macrophage infiltration into aortic plaques. Adapted 
from (Gregory et al., 2015). 
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In addition to the previously described experiments that would serve to further 

the work described in this dissertation, there are several improvements over our current 

human study that could be implemented if we conducted additional observation human 

studies to more thoroughly probe the connections between HIV infection, the gut 

microbiota, and chronic inflammation and related pathologies. We could add a 

longitudinal component to the human studies either in a newly established cohort or by 

requesting that the subjects we previously collected from return to provide a second 

fecal sample. This would provide greater information about the relative stabilities of the 

microbial communities of HIV-uninfected and -infected individuals. Collection of 

consistent and standardized diet data would allow the comparison of diet between each 

of the cohort locations and could be used to determine what proportion of the 

differences between each geography could be attributed to diet. Diet information is also 

particularly important because, as stated before, strain-level diversity of Prevotella has 

been shown to be shaped by host diet (De Filippis et al., 2019; Metwaly and Haller, 

2019) and diet can have a substantial effect on the gut microbiome (David et al., 2014; 

Wu et al., 2011), so having this information would allow us to account for diet-driven 

effects. Sampling methods allowing for the investigation of other microbial 

subpopulations of importance within the gut, such as mucosal swabs or biopsies for 

mucosal-associated bacteria, would also be a valuable addition to future human studies, 

as mucosal-associated bacteria might have a greater effect on the gut-associated 

immune cells with which they are in close contact. We could also collect additional host 

data, such as intestinal permeability measured by the lactulose and mannitol challenge 

test that would help us determine intermediate phenomena and mechanisms that might 
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be involved in the linkage between the gut microbiota and inflammation in HIV. In a 

more ambitious undertaking, we could design a study to explore true “changes” in the 

gut microbiome caused by HIV, rather than the “differences” we observed here. This 

would involve sampling individuals before and after HIV acquisition, possibly by 

following a cohort of high-risk HIV-uninfected subjects and sampling them regularly 

especially if they acquire HIV. While further human studies would be a substantial 

undertaking, they would provide great insight into the relationships explored in this 

dissertation. 
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 First Ugandan study cohort (Chapter 2) 5.1

Matched, de-identified stool and plasma samples were collected from 122 subjects 

enrolled from the Mbarara Regional Referral Hospital in Uganda as approved by the 

Institutional Review Boards at the Mbarara University of Science and Technology, 

Ugandan National Council of Science and Technology, and Partners Healthcare. All 

participants gave written informed consent. This cohort was comprised of 42 subjects 

with untreated HIV disease, 40 location-matched samples from subjects on long-term 

ART therapy (>5 years) and 40 HIV-uninfected subjects. Subjects presenting to the HIV 

clinic for HIV testing were recruited into either the HIV-positive untreated arm or the 

HIV-negative arm depending on HIV test results. Subjects with other comorbidities were 

not excluded. Data collected included demographics, vital signs, medication history 

including antibiotic use, clinical symptoms, HIV RNA, CD4 T cell counts at stool 

collection, CD4 at ART initiation, water source, food security, farming, and other 

laboratory results (Table 2.1). Stool samples were collected in RNAlater and frozen at -

80°C. Plasma samples were collected in acid citrate dextrose tubes and frozen at -

80°C. Samples were shipped on dry ice and complied with the Material Transfer 

Agreement between Uganda, MGH and Washington University.  

 Bacterial 16S rRNA analysis (Chapter 2) 5.2

 Stool pulverization (Chapter 2) 5.2.1

Aliquots of pulverized human stool (100-200mg) were processed as previously 

described (Reyes et al., 2013).  Briefly, stool was chipped from RNAlater on liquid 

nitrogen, samples were pulverized, aliquotted (approximately 200mg stool each) into 2-

3 separate 2mL collections tubes (Sarstedt) and stored at -80°C until use. Aliquots were 
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used for total nucleic acid (TNA) extraction and VLP preparation, ensuring that similar 

parts of the stool samples were used for both extraction methods. 

 Human stool total nucleic acid extraction 5.2.2

Stool TNA was extracted from aliquots of pulverized human stool (~200mg) as 

previously described (Reyes et al., 2013) with modification. Briefly, 200µl of 1 mm 

diameter zirconia/silica beads (Biospec) were added to individual pulverized stool 

aliquots.  500µL of phenol:chloroform:isoamyl alcohol (Fisher Scientific, 25:24:1, pH 

8.0), 500µL of 0.2µm-filtered 2x Buffer A (200mM NaCl, 200mM Tris, 20mM EDTA), and 

210µL of 20% SDS were added to each sample.  Samples were chilled on ice and 

homogenized using the highest setting on a BioSpec Mini-Beadbeater for 2 minutes at 

4ºC. The homogenized samples were then centrifuged at 4ºC for 3 minutes at 7000 x g, 

and the aqueous phase was transferred to a clean tube. An equal volume of 

phenol:chloroform:isoamyl alcohol was added and mixed by vortexing.  Samples were 

centrifuged at 16,000 x g for 5 minutes at room temperature and the aqueous phase 

transferred to a clean tube. Nucleic acid was precipitated with isopropanol and 3M 

sodium acetate (pH 5.5, Ambion) at -80°C for 20 minutes, then spun at maximum speed 

at 4°C for 30 minutes. The pellet was washed with 500µl 100% ethanol, centrifuged at 

16,000 x g for 15 minutes at 4ºC, dried, and resuspended in 200ul of molecular grade 

Tris-EDTA buffer (Ambion). DNA was isolated from the total nucleic acid preparation 

using an AllPrep DNA/RNA Mini Kit (Qiagen) according to the manufacturer’s 

instructions. Nine samples resulted in insufficient quantity of DNA for 16S studies 

(Chapter 2). 
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 16S rRNA amplification and sequencing (Chapter 2) 5.2.3

Primer selection and polymerase chain reaction was performed as described 

previously (Caporaso et al., 2011). Briefly, each sample was amplified in triplicate, 

pooled, and confirmed by gel electrophoresis. PCR reactions contained 2.5µL 10X High 

Fidelity PCR Buffer (Invitrogen), 18.8µL RNase/DNase-free water, 0.5µL 10 mM dNTPs, 

1µL 50mM MgSO4, 0.5µL each of the forward and reverse Golay-barcoded primers 

specific for the V4 region (515F/806R, 10µM final concentration), 0.1µL Platinum High 

Fidelity Taq (Invitrogen) and 3µL extracted total nucleic acid. Reactions were held at 

94°C for 2 minutes to denature the DNA, with amplification for 26 cycles of 94°C for 15s, 

50°C for 30s, and 68°C for 30s; a final extension of 2 minutes at 68°C (to ensure 

complete amplification). Amplicons were pooled and purified using 0.6x Agencourt 

AMPure XP beads (Beckman-Coulter) according to the manufacturer's instructions. The 

final pooled samples were sequenced on the Illumina MiSeq platform (Washington 

University Center for Genome Sciences; 2x250 standard run) in two separate runs.  

16S rRNA amplification and sequencing (Chapter 3) 5.2.4

Primer selection and polymerase chain reaction was performed as described 

previously (Caporaso et al., 2011) with modifications from (Anahtar et al., 2016). Briefly, 

each sample was amplified in triplicate, pooled, and confirmed by gel electrophoresis. 

PCR reactions contained 5µL 5X Q5 Reaction Buffer (NEB), 16.25µL RNase/DNase-

free water, 0.5µL 10 mM dNTPs, 0.5µL each of the forward and reverse Golay-

barcoded primers specific for the V4 region (515F/806R, 10µM final concentration), 

0.25µL Q5 Polymerase (NEB) and 2µL extracted total nucleic acid. Reactions were held 

at 98°C for 30 seconds to denature the DNA, with amplification for 30 cycles of 98°C for 
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150, 60°C for 30s, and 72°C for 20s; a final extension of 2 minutes at 72°C (to ensure 

complete amplification). Amplicons were pooled and the final pooled samples were 

sequenced on the Illumina MiSeq platform (Ragon Institute of MGH, MIT, and Harvard; 

1x300 standard run).  

 16S rRNA analysis (Chapter 2) 5.2.5

Analysis of R1 16S sequence data was performed using QIIME (Quantitative 

Insights Into Microbial Ecology, version 1.9.1) (Caporaso et al., 2010b). Raw sequence 

fastq files were quality filtered and demultiplexed using default parameters with the 

following exceptions: PHRED quality score cut-off at 20, and reverse-complement 

mapping barcodes were used. Closed reference operational taxonomic units (OTUs) 

sharing 97% identity were clustered using the UCLUST algorithm (Edgar, 2010) and 

assigned taxonomy according to the Greengenes database (version 13.8) (McDonald et 

al., 2012). To standardize differences in the number of OTUs between sequencing runs, 

all samples were rarefied to 5000 OTUs (10 iterations without replacement; maximum of 

5000 OTUs per sample; 10 rarefaction steps) and the relative number of sequences 

assigned to each OTU was calculated for each sample. Two samples did not achieve 

high enough OTUs for downstream analysis. Alpha diversity analysis was performed on 

rarefied data. Faith’s phylogenetic diversity (Faith and Baker, 2006) and the Chao1 

richness metric were calculated for all ten rarefied tables. Statistical analysis between 

groups was performed using the compare_alpha_diversity.py function of QIIME. 

Species accumulation rarefactions plots were determined using the specaccum function 

of the vegan R package (Oksanen et al., 2013). Beta-diversity was determined in 

Phyloseq (v1.10.0) (McMurdie and Holmes, 2012) using weighted UniFrac distances. 
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Differential abundance of bacterial taxa between experimental groups was determined 

using the PhyloSeq DESeq2 extension using the Wald significance test and a 

parametric fit type (v.1.6.3) (Anders and Huber, 2010; McMurdie and Holmes, 2012). 

 16S rRNA analysis (Chapter 3) 5.2.6

Analysis of R1 16S rRNA gene amplicon sequence data was performed using 

QIIME (Quantitative Insights Into Microbial Ecology, version 1.9.1) (Caporaso et al., 

2010b) and DADA2 (Callahan et al., 2016). Raw sequence fastq files were quality 

filtered and demultiplexed with QIIME with filtering turned off: PHRED quality score cut-

off at 0, and reverse-complement mapping barcodes were used. Reads were then 

assigned to ASVs using DADA2. Faith’s phylogenetic diversity (Faith and Baker, 2006) 

and the Chao1 richness metric were calculated for all samples. PhyloSeq (v1.26.1) 

(McMurdie and Holmes, 2012) was used to calculate alpha and beta diversity metrics 

and to perform principal coordinate analysis. 

 sCD14 measurements in plasma (Chapter 2) 5.3

Plasma was collected in acid citrate dextrose tubes and aliquots underwent a 

single freeze-thaw cycle before analysis. sCD14 concentration was measured by ELISA 

(R&D Systems Human sCD14 Quantikine ELISA kit #DC140). Samples were thawed on 

ice, centrifuged for 10 minutes at 1,000 x g and 4°C, and the supernatant was diluted 

200-fold in Calibrator Diluent RD5P (1X, R&D Systems) per the manufacturer’s 

instructions (10 µL sample + 1990 µL Calibrator Diluent RD5P). Samples were tested in 

duplicate with standards on every plate. sCD14 concentration was determined from 

optical density (O.D.) measurements by subtracting the average zero standard O.D. and 

performing a log-log transformation of the standards in order to fit a linear regression. 
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 Plasma inflammatory marker measurement (Chapter 3) 5.4

Biomarker quantification provided by University of Vermont (UVM) Laboratory for 

Clinical Biochemistry Research included sCD14, sCD163, FABP2 by sandwich ELISA 

(DC140, DC1630, DFBP20; R&D Systems) and IL-6 by MSD (K151QXG); FABP2 and 

sCD163 were performed in duplicate. 

 Oligotyping 5.5

We performed oligotyping analyses (Eren et al., 2011) on differentially abundant 

16S V4 sequencing reads assigned by QIIME to the Ruminococcus genera or 

Enterobacteriaceae family that were not previously resolved at the species level. 

Sequences shorter than the indicated length when trimmed to Phred score >30 were 

removed before analysis to prevent excessive variation due to sequencing error.  

Representative sequences for each oligotype were searched in the BLAST nr/nt 

database. The following table details the parameters for each performance of 

oligotyping (Table 5.1). Representative sequences for each oligotype are indicated 

below. 

Table 5.1: Parameters used for oligotyping. 

Oligotyping 
Group 

M
inim

um
 

R
ead Length 

Total 
Full-

Length 
Reads 

R
eads 

A
ssigned to 

O
ligotypes 

M
inim

um
 

Sequences 
per O

ligotype 
(-A

 param
eter) 

Oligotype Base 
Locations of Interest 

Taxa 
assigned 

PhyloSeq, 
Ruminococcus 
sp. enriched in 
CD4 >200 vs. 
CD4 <200 

23
0 

191993 13416
2 
(0.699
) 

2000 25 Bases: 0, 8, 9, 12, 
57, 58, 68, 79, 94, 95, 
98, 112, 158, 174, 177, 
178, 181, 201, 212, 229, 
232, 236, 237, 242, 249 

R. bromii 
R. callidus 

PhyloSeq, 
Ruminococcus 
sp. enriched in 
HIV-negative vs. 
CD4 <200 

0 109848 80909 
(0.737
) 

2000 19 Bases: 0, 9, 77, 98, 
148, 158, 174, 178, 181, 
201, 212, 225, 229, 232, 
236, 237, 238, 242, 249 

R. bromii 
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MaAsLin, 
Enterobacteriace
ae enriched in 
CD4 <200 

24
0 

111936 10000
9 
(0.893
) 

1000 15 Bases: 0, 28, 57, 
113, 138, 183, 189, 223, 
226, 228, 232, 238, 242, 
243, 249 

Shigella sp. 
or a closely-
related 
Escherichia 
sp. 

 
 
 
PhyloSeq, Ruminococceae Ruminococcus sp. enriched in CD4 >200 vs. CD4 <200 
 
>Oligotype TGAATTAAAATTTGGAACTAACGTC 
TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTTTGCAAGTCAGATGTGAAATCTATGGGCTCAACCCATAAACTGCATTTGAAACT
GTAGAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCCGTGTAGCGGTGAAATGC
GTAGAGATGGGGAGGAACACCAGTGGCGAAGGCGGCCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGTAGCAAAC 
 
> Oligotype TGAGTGAAAGTTTCGAACTTACGGC 
TACGTAGGGAGCGAGCGTTGTCCGGAATTACTGGGTGTAAAGGGAGCGTAGGCG
GGATGGCAAGTCAGATGTGAAAACTATGGGCTCAACCCATAGACTGCATTTGAAAC
TGTTGTTCTTGAGTGAGGTAGAGGTAAGCGGAATTCCTGGTGTAGCGGTGAAATG
CGTAGAGATCAGGAGGAACATCGGTGGCGAAGGCGGCTTACTGGGCCTTTACTGA
CGCTGAGGCTCGAAAGCGTGGGGAGCAAAC 
 
> Oligotype TGAGCGAAAGTTTCGAACTTACGGC 
TACGTAGGGAGCGAGCGTTGTCCGGAATTACTGGGTGTAAAGGGAGCGTAGGCG
GGACGGCAAGTCAGATGTGAAAACTATGGGCTCAACCCATAGACTGCATTTGAAAC
TGTTGTTCTTGAGTGAGGTAGAGGTAAGCGGAATTCCTGGTGTAGCGGTGAAATG
CGTAGAGATCAGGAGGAACATCGGTGGCGAAGGCGGCTTACTGGGCCTTTACTGA
CGCTGAGGCTCGAAAGCGTGGGGAGCAAAC 
 
> Oligotype TGAAAAAAGATTTCGAACTAACGTC 
TACATAGGGAGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTAAGCAAGTCAGATGTGAAATACACGGGCTCAACCCGTGAGCTGCATTTGAAACT
GTTTAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCGGTGTAGCGGTGAAATGC
GTAGAGATCGGGAGGAACACCAGTGGCGAAGGCGGCCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGTAGCAAAC 
 
> Oligotype TTGGAGAAAATTTTGAACTTACGGC 
TACGTAGGTGGCGAGCGTTGTCCGGAATTACTGGGTGTAAAGGGAGTGTAGGCG
GGAAGGCAAGTCAGAAGTGAAAATTATGGGCTTAACCCATAACCTGCTTTTGAAAC
TGTTTTTCTTGAGTGAGGCAGAGGCAAGCGGAATTCCTAGTGTAGCGGTGAAATG
CGTAGATATTAGGAGGAACACCAGTGGCGAAGGCGGCTTGCTGGGCCTTTACTGA
CGCTGAGGCTCGAAAGCGTGGGGAGCAAAC 
 
> Oligotype TGAGTGAAAGTCTCGAACTTACGGC 
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TACGTAGGGAGCGAGCGTTGTCCGGAATTACTGGGTGTAAAGGGAGCGTAGGCG
GGATGGCAAGTCAGATGTGAAAACTATGGGCTCAACCCATAGACTGCATTTGAAAC
TGCTGTTCTTGAGTGAGGTAGAGGTAAGCGGAATTCCTGGTGTAGCGGTGAAATG
CGTAGAGATCAGGAGGAACATCGGTGGCGAAGGCGGCTTACTGGGCCTTTACTGA
CGCTGAGGCTCGAAAGCGTGGGGAGCAAAC 
 
> Oligotype TGAATTAAAATTTGGAACTAACGTA 
TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTTTGCAAGTCAGATGTGAAATCTATGGGCTCAACCCATAAACTGCATTTGAAACT
GTAGAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCCGTGTAGCGGTGAAATGC
GTAGAGATGGGGAGGAACACCAGTGGCGAAGGCGGCCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGTAGCAAAA 
 
> Oligotype TGAATTAAAATTTGGAACTAACGGC 
TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTTTGCAAGTCAGATGTGAAATCTATGGGCTCAACCCATAAACTGCATTTGAAACT
GTAGAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCCGTGTAGCGGTGAAATGC
GTAGAGATGGGGAGGAACACCAGTGGCGAAGGCGGCCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGGAGCAAAC 
 
PhyloSeq, Ruminococceae Ruminococcus sp. enriched in HIV-negative vs. CD4 <200 
 
>Oligotype TACTCTGAACTAAACGTTC 
TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTTTGCAAGTCAGATGTGAAATCTATGGGCTCAACCCATAAACTGCATTTGAAACT
GTAGAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCCGTGTAGCGGTGAAATGC
GTAGAGATGGGGAGGAACACCAGTGGCGAAGGCGGCCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGTAGCAAAC 
 
>Oligotype TAATGTCAACTAAACGTTC 
TACATAGGGAGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTAAGCAAGTCAGATGTGAAATACACGGGCTCAACCCGTGAGCTGCATTTGAAACT
GTTTAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCGGTGTAGCGGTGAAATGC
GTAGAGATCGGGAGGAACACCAGTGGCGAAGGCGGCCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGTAGCAAAC 
 
>Oligotype TACTCTGAACTAAACGTTA 
TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTTTGCAAGTCAGATGTGAAATCTATGGGCTCAACCCATAAACTGCATTTGAAACT
GTAGAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCCGTGTAGCGGTGAAATGC
GTAGAGATGGGGAGGAACACCAGTGGCGAAGGCGGCCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGTAGCAAAA 
 
>Oligotype TACTCTGAACTAAACGTGC 
TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTTTGCAAGTCAGATGTGAAATCTATGGGCTCAACCCATAAACTGCATTTGAAACT
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GTAGAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCCGTGTAGCGGTGAAATGC
GTAGAGATGGGGAGGAACACCAGTGGCGAAGGCGGCCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGGAGCAAAC 
 
>Oligotype TATGATTAATCAAACATGC 
TACGTAGGGAGCGAGCGTTGTCCGGAATTATTGGGTGTAAAGGGTGCGTAGGCG
GCTATGTAAGTCAGGCGTGTAATTCAGAGGCTTAACCTCTTGACGGCGCTTGAAAC
TGTGTAGCTTGAGTGGAGTAGAGGCAGATGGAATTTCCAGTGTAGCGGTGAAATG
CGTAGATATTGGAAGGAACATCGGTGGCGAAGGCGATCTGCTGGGCTCTAACTGA
CGCTGAGGCACGAAAGCATGGGGAGCAAAC 
 
>Oligotype TACTCTGAATTAAACGTTC 
TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGG
CTTTGCAAGTCAGATGTGAAATCTATGGGCTCAACCCATAAACTGCATTTGAAACT
GTAGAGCTTGAGTGAAGTAGAGGCAGGCGGAATTCCCCGTGTAGCGGTGAAATGC
GTAGAGATGGGGAGGAACACCAGTGGCGAAGGCGGTCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCGTGGGTAGCAAAC 
 
>Oligotype TATTATTAATTAAACATGC 
TACGTAGGGAGCGAGCGTTGTCCGGAATTATTGGGTGTAAAGGGTGCGTAGGCG
GCTATGTAAGTCAGGCGTGTAATTCAGAGGCTTAACCTCTTGACTGCGCTTGAAAC
TGTGTAGCTTGAGTGGAGTAGAGGCAGATGGAATTTCCAGTGTAGCGGTGAAATG
CGTAGATATTGGAAGGAACATCGGTGGCGAAGGCGATCTGCTGGGCTTTAACTGA
CGCTGAGGCACGAAAGCATGGGGAGCAAAC 
 
MaAsLin, Enterobacteriaceae enriched in CD4 <200 
 
>Oligotype TTTCTTTTGTATGAC 
TACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCG
GTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCTGATAC
TGGCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATG
CGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACGAAGACTG
ACGCTCAGGTGCGAAAGCGTGGGGAGCAAAC 
 
>Oligotype TTTCTTTTGTATGAA 
TACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCG
GTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCTGATAC
TGGCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATG
CGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACGAAGACTG
ACGCTCAGGTGCGAAAGCGTGGGGAGCAAAA 
 
>Oligotype CTTCTTTTGTATGAC 
CACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCG
GTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCTGATAC
TGGCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATG
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CGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACGAAGACTG
ACGCTCAGGTGCGAAAGCGTGGGGAGCAAAC 
 
>Oligotype TTGTTTTTGTATGAC 
TACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCG
GTTGATTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCTGATAC
TGGTCAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATG
CGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACGAAGACTG
ACGCTCAGGTGCGAAAGCGTGGGGAGCAAAC 
 

 Statistical analysis (Chapter 2) 5.6

Descriptive measures were used to summarize the data. Continuous variables 

were summarized using median and IQR; categorical variables were summarized using 

frequency and percent (%). Spearman's rank correlations were used to examine 

bivariate associations between study variables. Fisher's exact and Chi-square tests 

were used to compare categorical variables between the study groups. Mann-Whitney 

test and Kruskal Wallis test (indicated by p-value in text) with Dunn’s post hoc analyses 

(p-values in figures) were used for comparing continuous variables. PhyloSeq (v1.10.0) 

(McMurdie and Holmes, 2012) was used to calculate UniFrac distances between 16S 

samples and to perform principal coordinate analysis. MaAsLin 

(http://huttenhower.sph.harvard.edu/maaslin) was used for multivariate modeling by 

importing the relative bacterial abundance values and associated sample metadata. 

Minimum for feature relative abundance filtering was set to 1e-6, maximum false 

discovery rate at 0.05, minimum for feature prevalence filtering set to 0.1, and 

Benjamini-Hochberg FDR (BH-FDR) protocol was used for multiple comparison 

correction. Statistical significance of distance and dissimilarity metrics (beta-diversity) 

between groups was determined by PERMANOVA using the adonis function of QIIME. 

Differential abundance of bacterial taxa between experimental groups was determined 
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using the PhyloSeq DESeq2 extension using the Wald significance test and a 

parametric fit type (v.1.6.3) (Anders and Huber, 2010; McMurdie and Holmes, 2012) 

with multiple comparison correction using BH-FDR. No correction for multiple 

comparisons was performed unless otherwise stated. Statistical analyses and graphing 

were performed in R (Team, 2013) and Prism version 6.05 for Windows (GraphPad 

Software, La Jolla California USA, www.graphpad.com). All p-values were two-sided 

and p < 0.05 was considered significant. 

 Statistical analysis (Chapter 3) 5.7

Continuous variables were summarized using median and IQR; categorical 

variables were summarized using frequency and percent (%). Mann-Whitney test and 

Kruskal Wallis test (indicated by p-value in text) with Dunn’s post hoc analyses (p-

values in figures) were used for comparing continuous variables. Statistical significance 

of distance and dissimilarity metrics (beta-diversity) between groups was determined by 

PERMANOVA using the adonis function of vegan (v2.5.4) (Oksanen et al., 2013). 

Differential abundance of bacterial taxa between experimental groups was determined 

using the PhyloSeq DESeq2 (v.1.22.2) extension using the Wald significance test and a 

parametric fit type (Anders and Huber, 2010; McMurdie and Holmes, 2012) with multiple 

comparison correction using BH-FDR. No correction for multiple comparisons was 

performed unless otherwise stated. Statistical analyses and graphing were performed in 

R (Team, 2013). All p-values were two-sided and p < 0.05 was considered significant. 
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 Isolation and culturing of primary P. copri isolates 5.8

Samples from these two cohorts were selected for P. copri isolation based on prior 

metagenomics 16S characterization, with preference given to samples associated with 

a high abundance of P. copri-associated 16S sequences.  

We performed 0 to 10-7 dilutions in anaerobic conditions on Laked Blood 

Kanamycin Vancomycin (LKV) agar, which is selective for Prevotella and Bacteroides, 

and streaked unique colony morphologies for isolation on LKV. To distinguish between 

Prevotella and Bacteroides, we re-streaked isolated colonies onto Bacteroides Bile 

Esculin (BBE) agar and inspected for growth and pigmentation of the media. We chose 

BBE as a presumptive screening media because P. copri is known to hydrolyze esculin 

but does not grow in high bile concentrations. As such we hypothesized that the 

combination of no growth and production of black pigmentation from esculin hydrolysis 

would indicate that a colony was likely P.copri. All isolates were then picked from LKV 

into 3mL of Wilkins-Chalgren broth and incubated for 24-72 hours. Once a colony 

reached sufficiently dense growth, 1mL of the broth was pelleted for DNA extraction 

using a trizol and phenol-chloroform bead-beating based method and 1mL was mixed 

with 1X PBS plus 40% glycerol and frozen to create a working stock with a final 

concentration of 20% glycerol. A quick presumptive identification using 16S Sanger 

sequencing was performed.  

We selected 21 samples likely to be enriched for Prevotella, 6 HIV+ and 5 HIV- 

samples from Boston and 5 HIV + and 5 HIV- samples from Uganda. Of the 21 

samples, 19 grew on primary dilution plates. Of 284 colonies streaked for isolation, 278 

grew and were re-streaked onto BBE and picked into broth for sequencing and storage. 

254 grew in broth and of these, 109 were identified as P. copri, with a conservative 
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estimate of 27 unique, non-duplicate strains from 14 samples, 15 from the Boston 

cohort and 12 from the Ugandan cohort. The BBE readout test showed a sensitivity of 

0.87 and specificity of 0.96.  

 Genomic DNA extraction and shotgun library preparation for bacterial isolates 5.9

Genomic DNA from culture isolates was extracted using a plate-based protocol 

including a bead beating process and combining phenol-chloroform isolation (Anahtar et 

al., 2016) with Qiagen QIAamp 96 DNA QIAcube HT kit procedures. 

Shotgun library was prepared following a modified protocol of (Baym et al., 2015), 

using the Nextera DNA Library Preparation Kit (Illumina) and KAPA HiFi Library 

Amplification Kit (Kapa Biosystems). In brief, gDNA from each sample was standardized 

to concentration of 0.6ng/uL after quantification with SYBR Green I, followed by 

simultaneous fragmentation and sequencing adaptor incorporation by mixing 0.6ng 

gDNA (1uL) with 1.25uL TD buffer and 0.25uL TDE1 provided in the Nextera kit and 

incubating for 10min at 55°C. Tagmented DNA fragments were amplified in PCR using 

the KAPA high fidelity library amplification reagents, with Illumina adaptor sequences 

and sample barcodes incorporated in primers. PCR products were pooled, bead purified 

and sequenced on Illumina NextSeq with a 300-cycle kit. 

 Genome assembly and annotation for P. copri isolates 5.10

Sequences from Illumina NextSeq sequencing were 5' and 3' trimmed with a 

quality cutoff of 20 and a minimum read length of 45. Forward and reverse read pairs 

were assembled using SPAdes (Nurk et al., 2013). Genes were called using Prodigal 

(Hyatt et al., 2010). Assemblies were cut at 1.7 Mb based on reference genome and 

community genome sizes. Metaphlan2 (Segata et al., 2012) (and Bowtie2 (Langmead 
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and Salzberg, 2012)) were run on unassembled reads to assign taxonomy and 

determine contamination of genomes. Genes were clustered using CD-HIT (Li and 

Godzik, 2006) at 95% AA identity and annotated with eggNOG-Mapper (Huerta-Cepas 

et al., 2017).1 6s rRNA genes were extracted using barrnap 

(https://github.com/tseemann/barrnap) and checked for completeness by using BLAST 

(Altschul et al., 1990) on the beginning and end sequences. Marker genes were 

extracted using FetchMG (Mende et al., 2013) and FastTree (Price et al., 2010) and 

ETE3 (Huerta-Cepas et al., 2016) were used to align and draw trees. 16S rRNA gene 

trees were made using ClustalO (Sievers and Higgins, 2014) and RaxML (Stamatakis, 

2014). 

 Comparative genomics of P. copri 5.11

P. copri genomes were clustered by binary Jaccard distance based on gene 

presence/absence and genomes with a pairwise distance of less than 0.40 were 

considered clones and collapsed. Dendrograms were constructed using ape (Paradis 

and Schliep, 2019) and the significance of clustering was determined using the mantel 

test against groups (mgroup) in the ecodist R package (Goslee and Urban, 2007). 

KEGG (Kanehisa and Goto, 2000) assignments of gene clusters in P. copri genomes 

were condensed into pathways and visualized using KEGGREST (Tenenbaum, 2018) 

and Pathview: (Luo and Brouwer, 2013). Significance of difference in pathway 

abundance was determined by Barnard’s unconditional exact test (Barnard, 1947), 

which is considered a more powerful alternative to Fisher’s exact test, implemented in 

the R package “Barnard”.  
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The following text is adapted and updated from (Gootenberg et al., 2017) including data 

from Tables 1.5 and 1.6: 

Taxa from four bacterial phyla - Proteobacteria, Fusobacteria, Bacteroidetes, and 

Firmicutes - have been reported in multiple studies to differ between HIV-positive and 

HIV-negative individuals. Proteobacteria were more abundant in HIV-infected 

individuals in 12 of the 35 published studies while others reported no change. The 

phylum Proteobacteria includes numerous pathogens, such as Shigella, Salmonella, 

and Helicobacter. Many specific Proteobacteria genera have been shown to be 

enriched in HIV-infected individuals and are capable of potentially-pathogenic activities 

in this context (Zevin et al., 2016): Pseudomonas (Gori et al., 2008; Vujkovic-Cvijin et 

al., 2013) is an opportunistic pathogen that is capable of impairing host mucus 

production (de Bentzmann and Plesiat, 2011; McGuckin et al., 2011); Desulfovirbrio 

(Lozupone et al., 2013) can produce hydrogen sulfide compounds and inflame the host 

epithelium (Rey et al., 2013); Acinetobacter (Dillon et al., 2014) can produce 

lipopolysaccharide (LPS)(Peleg et al., 2012) and in vitro is able to induce IL-8 

production and neutrophil recruitment that could lead to inflammatory tissue damage 

(Knapp et al., 2006; March et al., 2010); and Campylobacter (Mutlu et al., 2014) 

produces multiple toxins (Walker et al., 1986) that can induce mucosal inflammation 

(Bereswill et al., 2011). The Proteobacterial family Enterobacteriaceae is associated 

with inflammation (Guentzel, 1996; Lupp et al., 2007) and was enriched in HIV-infected 

individuals in 7 of the 35 studies surveyed (most frequently driven by its constituent 

genus Escherichia, which is capable of pathogenic bile acid transformations and 

degradation of host mucus (McGuckin et al., 2011; Nicholson et al., 2012)). The phylum 
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Fusobacteria, which is of particular interest due to its previous associations with 

intestinal inflammation and colorectal cancer (Kostic et al., 2013; Shaw et al., 2016; 

Sinha et al., 2016), was enriched (most frequently driven by its constituent genus 

Fusobacterium) in HIV-infected individuals in 9 of the 35 previously published studies. 

Taxa in the phylum Bacteroidetes, including the families Prevotellaceae, 

Porphyromonadaceae, Bacteroidaceae and Rikenellaceae, exhibited a more 

heterogeneous pattern of changes in HIV-infected individuals. The family 

Prevotellaceae (most frequently driven by its constituent genus Prevotella) was 

enriched in HIV-infected individuals in 12 of 35 studies and depleted in 2 studies. Taxa 

within the family Prevotellaceae have been associated with inflammation (particularly in 

the context of autoinflammatory disease (Lukens et al., 2014; Scher et al., 2013)) and 

activation of gut dendritic cells (Dillon et al., 2016), but a greater abundance of 

Prevotellaceae is also characteristic of the baseline enteric microbial community of 

healthy individuals in developing world countries such as Burkina Faso, Venezuela, 

Malawi, or Papua New Guinea (De Filippo et al., 2010; Gomez et al., 2016; 

Gorvitovskaia et al., 2016; Lozupone et al., 2013; Martinez et al., 2015; Obregon-Tito et 

al., 2015; Schnorr et al., 2014; Smits et al., 2017; Wu et al., 2011; Yatsunenko et al., 

2012). 

Taxa from the family Porphyromonadaceae (most frequently driven by the 

genera Barnesiella or Odoribacter) were generally depleted in HIV-infected individuals, 

exhibiting a decrease in 12 of 35 studies and an increase in 2 studies(Dinh et al., 2015; 

McHardy et al., 2013). Independent of HIV, Porphyromonadaceae exhibit a diverse and 

complex array of functions, with both positive (Sinha et al., 2016; Vogtmann et al., 2016; 
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Zackular et al., 2013) and negative (Zackular et al., 2013) associations with colorectal 

cancer, and negative associations with C. difficile (Milani et al., 2016; Schubert et al., 

2014; Schubert et al., 2015), Salmonella (Ferreira et al., 2011), vancomycin-

resistant Enterococcus (Ubeda et al., 2013), and Citrobacter rodentium (Bailey et al., 

2010; Wlodarska et al., 2011) infection that imply a putative protective role. The family 

Bacteroidaceae (mostly driven by the abundance of the genus Bacteroides) is overall 

depleted in HIV infection, showing a reduced HIV-associated abundance in 16 of 35 

studies(Bender et al., 2016; Dillon et al., 2014; Dillon et al., 2016; Ling et al., 2016; 

Lozupone et al., 2013; Lozupone et al., 2014; Monaco et al., 2016; Sun et al., 2016; 

Vázquez-Castellanos et al., 2015; Vujkovic-Cvijin et al., 2013). This family is generally 

considered to play an anti-inflammatory role (Gauffin Cano et al., 2012; Mazmanian et 

al., 2008; Round and Mazmanian, 2010; Troy and Kasper, 2010; Vatanen et al., 2016), 

with the species Bacteroides fragilis promoting regulatory T-cell differentiation and IL-10 

production via secreted bacterial products (Mazmanian et al., 2008; Round and 

Mazmanian, 2010; Troy and Kasper, 2010) The family Rikenellaceae (mostly driven by 

the abundance of the genus Alistipes) is also depleted in HIV infection, with decreased 

abundance in 11 studies and this bile-tolerant family (David et al., 2014) displays 

protective properties against C. difficile infection (Khanna et al., 2016) and a negative 

association with obesity (Harris et al., 2012) as well as positive associations with both 

type-1 (Candon et al., 2015) and type-2 (Qin et al., 2012) diabetes mellitus.  

Similar to the phylum Bacteroidetes, bacterial families within the phylum 

Firmicutes were in general reduced in abundance in HIV-infected individuals, though 

this pattern did not hold true for every family within this phylum. The phylum overall 
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behaved in this manner, with decreased abundance in 6 of 35 studies, though it was 

increased in 3 studies. The Firmicutes phylum is quite diverse, but broadly can be 

characterized as associated with developed world individuals (De Filippo et al., 2010) as 

well as obesity and increased energy harvest from diet (Ley et al., 2006a; Turnbaugh et 

al., 2006). Within the Firmicutes, the class Clostridia, which was overall depleted in HIV 

infection with decreased abundance in 12 of 35 studies and increased abundance in 1 

study, is characterized by taxa that often function in anti-inflammatory roles by 

producing butyrate and other short chain fatty acids (SCFA) (Louis and Flint, 2009; 

Nicholson et al., 2012) and shifting T-cell differentiation towards regulatory T-cells 

(Atarashi et al., 2013; Atarashi et al., 2011; Furusawa et al., 2013; Kunisawa and 

Kiyono, 2011). Within the class Clostridia, the family Lachnospiraceae, which was 

decreased in abundance in HIV-infected individuals in 12 of 35 studies and increased in 

1 study(Dillon et al., 2014; McHardy et al., 2013; Mutlu et al., 2014; Nowak et al., 2015; 

Sun et al., 2016; Vujkovic-Cvijin et al., 2013), includes members that are commonly 

found to be uniquely effective metabolizers of complex polysaccharides (Biddle et al., 

2013; Flint et al., 2008) and characterized by the production of SCFA such as butyrate 

(Meehan and Beiko, 2014) and acetate (Rey et al., 2010) that are thought to be anti-

inflammatory. Also within the class Clostridia, the family Peptostreptococcaceae varied 

in its HIV-associated shifts, with 2 of 35 studies (Dubourg et al., 2016; Mutlu et al., 

2014)showing a relative decrease in abundance in HIV-infected individuals and 1 study 

(McHardy et al., 2013)showing a relative increase. Peptostreptococcaceae have been 

found to function in mostly a pro-inflammatory role, with positive associations with C. 

difficile infection (Milani et al., 2016; Sangster et al., 2016), viral diarrhea (Ma et al., 
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2011), intestinal inflammation (Tannock et al., 2012), and the mucosal (Chen et al., 

2012)  and fecal (Wang et al., 2012) communities of individuals with colorectal cancer. 

In contrast to the family Peptostreptococcaceae, the Clostridia family Ruminococcaceae 

was in general decreased in HIV infection, with 16 of 35 studies (Dillon et al., 2014; 

Dillon et al., 2016; Dubourg et al., 2016; McHardy et al., 2013; Monaco et al., 2016; 

Mutlu et al., 2014; Sun et al., 2016; Vázquez-Castellanos et al., 2015; Vujkovic-Cvijin et 

al., 2013; Yu et al., 2014)reporting decreased abundance in HIV-infected individuals 

and only 2 studies reporting increased abundance. Ruminococcaceae have been 

associated with both protective and disruptive roles within the gut microbial community, 

such as the production of anti-inflammatory SCFA (Flint et al., 2008) or the degradation 

of host mucus and potential pro-inflammatory role in IBD (Png et al., 2010), and 

functional effects within this family have been found to be highly species dependent 

(Crost et al., 2013; David et al., 2014; Hsiao et al., 2014; Ze et al., 2012). The bacterial 

family Erysipelotrichaceae, which is contained within the separate class Erysipelotrichia, 

was found to be increased in association with HIV infection with a greater abundance 

demonstrated in 10 of 35 studies. Erysipelotrichaceae are described as adhesive and 

potentially pathogenic (Turroni et al., 2016), and have been found to be positively 

associated with obesity (Greiner and Backhed, 2011; Zietak et al., 2016) and luminal 

microbial communities in colorectal cancer (Chen et al., 2012; Kaakoush, 2015). 

Interestingly, this family is also found to be enriched in the enteric communities of the 

Hadza hunter-gatherers of Tanzania (Turroni et al., 2016). 

 


