
Altered Virome and Bacterial Microbiome in Human 
Immunodeficiency Virus-Associated Acquired Immunodeficiency 
Syndrome

Cynthia L. Monaco1, David B. Gootenberg2, Guoyan Zhao3, Scott A. Handley3, Musie S. 
Ghebremichael2, Efrem S. Lim3,5, Alex Lankowski6, Megan T. Baldridge3, Craig B. Wilen3, 
Meaghan Flagg2, Jason M. Norman4, Brian C. Keller1,+, Jesús Mario Luévano2, David 
Wang3,5, Yap Boum7, Jeffrey N. Martin8, Peter W. Hunt9, David R. Bangsberg6,10, Mark J. 
Siedner6, Douglas S. Kwon2,6,11,*, and Herbert W. Virgin3,11,*

1Department of Medicine, Washington University School of Medicine, St. Louis, MO, 63110 
2Ragon Institute of MGH, MIT, and Harvard, Cambridge, MA 02139 3Department of Pathology 
and Immunology, Washington University School of Medicine, St. Louis, MO, 63110 4Vedanta 
Biosciences, Cambridge, MA, 02139 5Department of Molecular Microbiology, Washington 
University School of Medicine, Saint Louis, MO 63110 6Division of Infectious Diseases, 
Massachusetts General Hospital and Harvard Medical, School, Boston, MA 02114 7Medecin 
Sans Frontières Epicentre, Mbarara, Uganda 8Department of Epidemiology and Biostatistics, 
University of California San Francisco, San Francisco, CA 94143 9Department of Medicine, 
University of California San Francisco, San Francisco, CA, 94110 10Harvard School of Public 
Health, Boston, MA 02114

SUMMARY

Human immunodeficiency virus (HIV) infection is associated with increased intestinal 

translocation of microbial products and enteropathy as well as alterations in gut bacterial 
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communities. However, whether the enteric virome contributes to this infection and resulting 

immunodeficiency remains unknown. We characterized the enteric virome and bacterial 

microbiome in a cohort of Ugandan patients, including HIV-uninfected or HIV-infected subjects 

and those either treated with anti-retroviral therapy (ART) or untreated. Low peripheral CD4 T cell 

counts were associated with an expansion of enteric adenovirus sequences and this increase was 

independent of ART treatment. Additionally, the enteric bacterial microbiome of patients with 

lower CD4 T counts exhibited reduced phylogenetic diversity and richness with specific bacteria 

showing differential abundance, including increases in Enterobacteriaceae, which have been 

associated with inflammation. Thus, immunodeficiency in progressive HIV infection is associated 

with alterations in the enteric virome and bacterial microbiome, which may contribute to AIDS-

associated enteropathy and disease progression.

Keywords

virome; microbiome; HIV; AIDS; adenovirus; AIDS enteropathy; systemic inflammation

INTRODUCTION

An estimated 35 million adults worldwide are HIV positive, with the greatest burden of 

disease in sub-Saharan Africa (HIV/AIDS, 2013). HIV infects and depletes CD4 T cells, 

leading to the development of acquired immunodeficiency syndrome (AIDS), defined by the 

presence of less than 200 CD4 T cells/µl circulating in the blood (denoted herein as CD4 

>200 or <200) or the development of an AIDS-defining opportunistic infection or cancer 

(Selik et al., 2014). Antiretroviral therapy (ART) successfully controls systemic HIV 

replication but immune recovery is variable (Maartens et al., 2014). A hallmark of HIV 

disease is a rapid and profound depletion of CD4 T cells in the gut-associated lymphoid 

tissue (Brenchley et al., 2004; Klatt et al., 2008) and increased translocation of microbial 

products across this compromised epithelial barrier (Brenchley et al., 2006; Klase et al., 

2015). HIV infection can also lead to enteropathy characterized by increased gastrointestinal 

(GI) inflammation, diarrhea and malabsorption (Brenchley, 2013). The role of enteric 

microbes in these disease manifestations is incompletely understood.

The human enteric microbiome contains viruses, bacteria, archaea, fungi and other 

eukaryotic organisms (Norman et al., 2014; Virgin, 2014). Enteric human virome and 

bacterial microbiome alterations have been linked to inflammatory bowel disease (IBD), 

obesity, and changes in host behavior (Backhed et al., 2012; Lyte, 2013; Norman et al., 

2015). Enteric eukaryotic viruses can directly affect human health by instigating 

gastroenteritis, enteritis or colitis. Bacteriophages can perturb the bacterial community to 

indirectly influence gut health and may directly interact with the human immune system 

(Duerkop and Hooper, 2013; Virgin, 2014). In IBD diversity and richness of the bacterial 

microbiome is inversely correlated with that of bacteriophages, suggesting an antagonistic 

relationship between bacteria and bacteriophages during enteric inflammation (Norman et 

al., 2015). However, little else is known about the contributions of bacteriophages to other 

human diseases including HIV infection.
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Next generation sequencing (NGS) offers a unique opportunity to examine the virome and 

discover potentially novel unculturable viruses (Zhao et al., 2013). Prior work using NGS 

demonstrated expansion of the enteric eukaryotic virome during pathogenic SIV infection of 

rhesus macaques, while the bacterial microbiome was not detectably changed (Handley et 

al., 2012). Further, adenoviruses detected by NGS during pathogenic SIV infection were 

associated with pathologic evidence for viral enteritis (Handley et al., 2012). These data 

suggest that alterations in the enteric virome may be important in the pathogenesis of AIDS 

and HIV enteropathy. Prior studies of the bacterial microbiome in HIV-positive individuals 

suggest that HIV infection may be associated with significant changes in enteric bacterial 

populations, including the outgrowth of potential enteropathogens (Dillon et al., 2014; Dinh 

et al., 2015; Li et al., 2012; Lozupone et al., 2013; Lozupone et al., 2014; McHardy et al., 

2013; Mutlu et al., 2014; Perez-Santiago et al., 2013; Vujkovic-Cvijin et al., 2013). Together 

these studies suggest that HIV infection may alter the enteric virome and bacterial 

microbiome.

Here we examine the effect of HIV on the enteric virome and bacterial microbiome in a 

well-characterized Ugandan cohort (Siedner et al., 2015), including HIV-positive subjects 

stably on ART for at least 5 years and ART-naïve subjects, as well as location-matched HIV-

negative subjects. Importantly, in this study we define the bacterial microbiome and virome 

in a region of the world that has been understudied. We show that alterations in the enteric 

virome and bacterial microbiome are associated with low peripheral CD4 T cell counts 

rather than HIV infection alone. These data reveal a relationship between alterations in 

enteric bacteria and viruses and HIV/AIDS-related immunocompromise that may play a role 

in enteropathy and the chronic systemic immune activation observed in HIV infection.

RESULTS

Cohort Characteristics

Eighty-two HIV-infected Ugandan subjects were recruited as part of the Uganda AIDS Rural 

Treatment Outcomes (UARTO) study at the Immune Suppression Syndrome Clinic at 

Mbarara Regional Referral Hospital, comprising 40 HIV-infected subjects on ART treatment 

(HIV-treated) and 42 HIV-infected, ART-naïve (HIV-untreated) subjects. An additional 40 

HIV-negative subjects were recruited from the HIV testing clinic after a negative HIV test 

result (Figure 1A and Table 1). The median time on ART for treated subjects was 6.7 years 

(interquartile range, IQR, 6.1–7.1) and 87.5% (n=35) of ART-treated participants had 

undetectable viral loads (<20 copies/mL). Twenty-five participants (20.5%) had CD4 T cell 

counts <200 (CD4 <200) at the time of stool collection. Significant differences in CD4 T 

cell counts, CD4 T cell percentages, HIV viral load, prophylactic co-trimoxazole use, age, 

sex and other variables existed between HIV-treated and untreated groups (Table 1). 

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 1B, p < 

0.0001). Additionally, weight (p = 0.0037) and body mass index (BMI, p = 0.0093) 

positively correlated with peripheral CD4 T cell count in HIV-infected subjects (Figure 1C, 

1D). 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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Associations of sCD14, CD4 T cell counts and HIV viral load

Soluble CD14 (sCD14) binds bacterial lipopolysaccharide (LPS) and serum levels of sCD14 

have been used as a reflection of microbial translocation from the gut (Marchetti et al., 

2013). Circulating sCD14 levels in HIV-positive subjects are elevated and correlate with 

mortality (Sandler et al., 2011). We found that plasma sCD14 levels in HIV-infected 

subjects, either with or without ART treatment, were significantly higher than in HIV-

negative subjects (Figure 1E, p = 0.0017). A hallmark of advanced HIV disease and 

profound immunodeficiency is peripheral CD4 <200 (Selik et al., 2014). In our cohort, 

subjects with CD4 <200 had significantly higher levels of circulating sCD14 than both HIV-

negative subjects and HIV-infected subjects with CD4 >200 (Figure 1F, p < 0.0001). Plasma 

sCD14 levels positively correlated with HIV viral load (Figure 1G, p = 0.002). These data 

confirm that our cohort exhibits the expected positive correlation between HIV-associated 

immunodeficiency and a marker of disrupted intestinal function and systemic inflammation 

(Marchetti et al., 2013).

The enteric DNA virome in HIV-positive and HIV-negative Ugandan subjects

We next characterized the fecal DNA virome by NGS on samples enriched for viral 

sequences present in virus-like particles (VLPs) as described (Norman et al., 2015). 

Libraries were obtained from 21 HIV-negative subjects, 21 HIV-treated subjects and 23 HIV-

untreated subjects (total n = 65), and averaged 1.14 +/− 0.43 million sequences per sample, 

of which 90 +/− 7% were of high-quality and used for all subsequent analyses (Table S1).

Viral sequences were classified using a two-staged approach. First, all dereplicated, high-

quality sequences were queried against a virus protein database using BLASTx (Norman et 

al., 2015). Sequences were most frequently assigned to bacteriophages of the Caudovirales 
order or the Microviridae family, along with several eukaryotic virus families (e.g. 

Adenoviridae, Annelloviridae) and other viral families defined as “unclassified” in the NCBI 

Taxonomy Database (Figure S1A). All sequences assigned to eukaryotic viral taxa were 

binned as “potentially viral” and then queried against the NCBI non-redundant nucleic acid 

and protein databases using BLASTn and BLASTx encapsulated in the VirusSeeker (Vs) 

pipeline in order to remove sequences that aligned with higher scores (lower e-values) to 

non-viral reference sequences (Zhao et al., 2013)(Zhao et al., In preparation). We then 

compared the number of potential viral sequences from the first stage (Bx) to those found 

after Vs analysis. This revealed significant differences in sequence assignments to several 

viral families (Figure S1B). There was a statistically significant diminution in sequences 

assigned to Nudiviridae, Ascoviridae and other large DNA viruses using the more stringent 

criteria of searching against the comprehensive database; these sequences were set aside 

(Figure S1B). The eukaryotic viral families remaining after this stringent analysis included 

the Adenoviridae, Anelloviridae, Circoviridae and Papillomaviridae; dereplicated sequences 

assigned to these families were analyzed further after de novo assembly. Resulting contigs 

longer than 500bp were aligned to Adenoviridae, Anelloviridae, Circoviridae and 

Papillomaviridae reference genomes. Two near-full-length adenovirus genomes with high 

sequence identity 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).
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The number of unique Anelloviridae-assigned sequences positively correlated with the 

genome copy numbers of anelloviruses as measured by quantitative real-time PCR analysis 

(qPCR) (Fig 2C, p < 0.0001). qPCR detected anelloviruses in 48% of the samples, while 

Illumina sequencing detected 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 sequences (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, Circoviridae and 

Papillomaviridae sequences (Figure S2, A-D). 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. There was no significant difference in 

adenovirus sequences based on ART therapy (Figure S2E, p = 0.0754). Subgroup analysis of 

the HIV-untreated group showed the effect was driven by low CD4 T cell counts (Figure 

S2I), suggesting that adenovirus expansion is associated with host immune status 

independent of ART therapy.

Anelloviridae sequences significantly differed by both CD4 T cell count (Figure 3B, p = 

0.0239) and HIV treatment status (Figure 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 <200 were more likely to 

contain Anelloviridae 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.

Circoviridae were the most frequently detected type of eukaryotic virus (present in 75% of 

all samples). There were no statistically significant differences in the number or prevalence 

of Circoviridae sequences by CD4 T cell count (Figure 3C, p = 0.4530, Table S4, p = 

0.8746) or HIV treatment status (Figure S2G & K, p = 0.3984). Similarly, Papillomaviridae 
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sequences were found in 23% of all samples, but were not differentially represented based 

on CD4 T cell counts (Figure 3D, p = 0.1115, Table S4, p = 0.1253) or ART therapy (Figure 

S2H & L, p = 0.5552). This indicates that HIV-mediated effects on Adenoviridae 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 subjects and 34 HIV-untreated subjects (total n = 110, 

Figure 4A, Figure S3). Subjects with CD4 <200 had significantly decreased bacterial 

richness compared to subjects with CD4 >200 (Figure 4B, p = 0.009), with a near significant 

decrease compared to HIV negative subjects (Figure 4B, p = 0.066). Bacterial phylogenetic 

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 richness or phylogenetic 

diversity between HIV treatment groups.

We then assessed bacterial β-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 β-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 community structure was not influenced by water source, recent diarrhea, antibiotic 

usage, gender or home geographic district (Figure S3B–F). These results demonstrate that 

the overall enteric bacterial community structure was similar when comparing HIV-positive 

to HIV-negative individuals. CD4 T cell count was the most influential factor contributing to 

bacterial community structure, wherein subjects with CD4 <200 had decreased phylogenetic 

diversity and richness.

Differentially abundant bacterial taxa in subjects with low CD4 T cell counts

Given the decrease in bacterial phylogenetic diversity in HIV-positive subjects with CD4 

<200, we next identified specific bacterial operational taxonomic units (OTUs) differentially 

abundant by CD4 T cell group (Tables S5, tab 1 and 2) using variance stabilization 

techniques based on mixture models of microbiome data (McMurdie and Holmes, 2014). 

These discriminant OTUs were then plotted by bacterial family association (Figure 5). OTUs 

belonging to 13 bacterial families (Enterobacteriaceae, Pasteurellaceae, Streptococcaceae, 

Enterococcaceae, Lactobacillaceae, Planococcaceae, Actinomycetalaceae, 

Carnobacteriaceae, Micrococcaceae, Gemellaceae, Comamonadaceae, Leuconostocaceae, 

and Leptotrichiaceae) discriminately associated with CD4 <200 as compared to both HIV-

negative subjects (Figure 5A, Table S5 tab 1) and subjects with CD4 >200 (Figure 5B, 

Tables S5 tab 2). There were no differentially abundant OTUs assigned to 
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Succinovibrionaceae, Spirochaetaceae, S24-7, and Methanobacteriaceae families in subjects 

with CD4 <200, but there were discriminant OTUs assigned to these families associated 

with both HIV-uninfected subjects as well as subjects with CD4 >200. Other differentially 

represented families included Ruminococcaceae, with fewer discriminant OTUs present in 

subjects with CD4 <200 (n = 56 OTUs in CD4 >200 vs 33 OTUs for CD4 <200 and n = 50 

OTUs in HIV-Negative vs 12 OTUs for CD4 <200 OTUs) and Bacteroidaceae, with more 

discriminant OTUs associated with subjects with CD4 <200 (n = 1 OTUs in HIV-negative vs 

67 OTUs in CD4 <200 and n = 6 OTUs in CD4 >200 vs 31 OTUs in CD4 <200). We used 

oligotyping (Eren et al., 2011) to further classify unassigned Ruminococcus sequences. 

Subjects with CD4 >200 were enriched for sequences assigned to the species R. bromii and 

R. callidus compared to subjects with CD4 <200. HIV-negative subjects were enriched for 

sequences assigned to R. bromii compared to subjects with CD4 <200. Thus severe 

immunodeficiency was associated with alterations in multiple bacterial OTUs.

Contribution of co-trimoxazole use

The World Health Organization and The Joint United Nations Programme on HIV and AIDS 

(WHO/UNAIDS) guidelines for resource-limited settings recommend co-trimoxazole 

(trimethoprim-sulfamethoxazole) prophylaxis in all HIV-infected patients (WHO, 2006). 

Therefore, the majority of HIV-positive subjects in our study were taking co-trimoxazole 

(Table 1). Brief antibiotic use has previously been shown to affect the enteric microbiome. 

To assess the contribution of long-term usage of co-trimoxazole, we performed differential 

abundance analysis to determine discriminant bacterial OTUs as described above. We 

utilized data from HIV-negative controls since only four HIV-infected subjects with 16S 

rRNA data were not taking co-trimoxazole. Two OTUs showed significant fold-change with 

co-trimoxazole use as compared to 429 discriminant OTUs between subjects with CD4 <200 

and >200 (Tables S5 tab 2). There was no difference in phylogenetic diversity in subjects 

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

These data suggest that long-term usage of co-trimoxazole has minimal contribution to the 

enteric microbiome alterations observed in subjects with immunodeficiency.

Multivariate analysis reveals discriminant bacterial taxa

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 

CD4 T cell groups in 16S analysis. Multivariate modeling was used to determine bacterial 

OTUs associated with CD4 T cell count independent of these confounders using 

Multivariate Association with Linear Models (MaAsLin). Since cotrimoxazole use was a 

correlated covariate with HIV status, it was excluded from the model. Fourteen bacterial 

OTUs were independently associated with CD4 T cell count (Table S6) including OTUs 

assigned to Ruminococcaceae and Enterobacteriaceae families. Using oligotyping, we 

assigned the Enterobacteriaceae sequences to genus Shigella or a related Escherichia species 

but were unable to further assign the Ruminococcaceae. Thus, shifts in the enteric bacterial 

community occur in advanced HIV disease independent of other differentiating metadata 

factors.
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Bacterial taxa are associated with plasma sCD14

Increased circulating sCD14 has been linked to increased HIV mortality (Sandler et al., 

2011) and may represent a proxy for bacterial translocation from the gut (Marchetti et al., 

2013). Therefore, we performed correlation analysis to identify bacterial OTUs associated 

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

with sCD14 (Table S5 tab 3), including 23 assigned to the Bacteriodaceae and 23 assigned to 

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

575768 assigned to Clostridiaceae were also associated with CD4 T cell count 

independently of other metadata variables from the multivariate analysis above (Table S6).

Bacteriophages and HIV infection

We previously found an inverse correlation between bacterial diversity and bacteriophage 

richness in IBD patients (Norman et al., 2015). We therefore characterized bacteriophage 

community composition by measuring bacteriophage richness and alpha diversity (Figure 

S5). There was no significant difference in richness or Shannon diversity of bacteriophage 

families or genera by CD4 T cell group (Figure S5A, B, C), ART treatment (Figure S5D, E, 

F) or HIV infection (Figure S5G, H, I). There were also no significant correlations between 

bacteriophage 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. submitted). 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 pathology 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; 

Debiaggi et al., 2000; Li et al., 2013). However, enteric populations were not examined. Our 

work demonstrates enteric Anelloviridae expansion in HIV, and subgroup analysis suggests 

this is driven by subjects with CD4 <200. One confounding 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 possibility 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 
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health-related reasons, it is possible they had other conditions associated with changes in 

anellovirus abundance (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)(Handley et al., submitted). Additionally, OTUs assigned to 

Enterobacteriaceae 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. submitted). 

Oligotyping identified these organisms as genus Shigella or a closely related Escherichia 
species. 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 associated 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 of HIV-infected, untreated 

subjects (McHardy et al., 2013) and with symptomatic SIV-infection of macaques (Handley 

et al. submitted). 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 transplant 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; Rajilic-Stojanovic 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 Prevotella, and 

depletion of 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 observed 

differences in discriminant OTUs assigned to Prevotella by CD4 T cell count, there was no 

clear trend toward greater frequency of significant OTU changes with CD4 <200, and there 

was no difference in beta diversity. The fact that inclusion and exclusion criteria, duration of 

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

methods differed between studies may explain the discrepancies observed between this study 

and others. Additionally, prior studies were performed on subjects in the developed world 

with relatively well-controlled HIV (none with advanced HIV disease) whereas our cohort 

was from Uganda and included patients with AIDS. A Prevotella-rich and Bacteroides-poor 

community has been associated with agrarian cultures (De Filippo et al., 2010) and this is 

consistent with the average Prevotella abundance of 28% we observed in our HIV-negative 

subjects. It is possible that because the baseline microbiota of individuals in agrarian 
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cultures is already Prevotella-rich and Bacteroides-poor, they would not experience 

Prevotella-associated changes observed with HIV infection in developed world subjects. 

Together these results suggest that therapies targeting the enteric bacterial microbiome that 

are successful in western populations may not have the same effect in the developing world.

Limitations to this study

There were several limitations to this study. We were unable to assess AIDS-defining 

infections and cancers since co-morbidities were unknown. Dietary information was also 

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

microbiome (David et al., 2014; Minot et al., 2011). Further, HIV-negative subjects were 

recruited to the study when they presented to clinic for care, and may not represent healthy 

community controls. Finally, due to limitations related to specimen collection and 

preparation, we were unable to assess all components of the microbiome, including RNA 

viruses and intestinal parasites. Expansion of the RNA virome was observed in SIV-infected 

macaques that progressed to AIDS (Handley et al., 2012)(Handley et al. submitted), making 

this an interesting area for future investigations.

Conclusion

Here we report the largest study to date examining the enteric bacterial microbiome in HIV 

infection and the only one to simultaneously study the enteric DNA virome. These data also 

shed light on the human enteric bacterial microbiome and virome in sub-Saharan Africa, a 

region of the world that has been relatively understudied yet has the highest prevalence of 

HIV infection. We show that HIV infection, in the absence of immunodeficiency, has 

minimal effect on the enteric DNA virome and bacterial microbiome. Instead, AIDS and the 

resultant immunodeficiency is associated with expansion of enteric adenoviruses and 

decreased enteric bacterial diversity and richness. Bacteriophage populations were largely 

unchanged. These observations in HIV-infected subjects show striking parallels with 

findings in rhesus macaques (Handley et al., 2012)(Handley et al. submitted) suggesting a 

common mechanism in disease progression. Given the emergence of known or potential 

enteric pathogens in association with HIV-induced immunodeficiency, we speculate that 

immunity to or treatment of enteric pathogens might limit AIDS-associated enteropathy or 

decrease AIDS-related diseases by limiting GI infection, epithelial cell damage and release 

of inflammatory pathogen associated molecular patterns and antigens into the body. We 

hypothesize this might minimize systemic immune activation that is linked to AIDS 

progression. Together, these studies indicate that severe immunodeficiency is likely the 

mechanism leading to changes in the fecal microbiome, including bacteria and viruses, and 

that immune reconstitution, such as through early ART, may restore the healthy enteric 

microbiome.

EXPERIMENTAL PROCEDURES

See also Supplemental Experimental Procedures.
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Study Cohort

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 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

Stool (100–200mg) was pulverized and total nucleic acid extracted. Polymerase chain 

reaction was performed and amplicons were pooled and sequenced on the Illumina MiSeq 

platform (Washington University Center for Genome Sciences; 2×250 standard run). Data 

was analyzed using Quantitative Insights Into Microbial Ecology (QIIME, version 1.9.1). 

Nine samples failed DNA isolation. One sample did not achieve high enough OTUs for 

downstream analysis and was excluded.

VLP Preparation, Sequencing, and Sequence Assignment

VLPs were enriched from pulverized human stool and DNA was amplified using Phi29 

polymerase (GenomiPhi V2 kit, GE Healthcare) and fragmented. Six samples failed 

amplification. NEBNext Ultra DNA kit was used for library construction (New England 

Biolabs). Equimolar pools were sequenced on Illumina MiSeq platform (Washington 

University Center for Genome Sciences; 2 × 250bp run). Viral sequences were identified 

using a custom bioinformatics pipeline VirusSeeker.

sCD14 Measurements in Plasma

sCD14 concentration in plasma was measured by ELISA (R&D Systems Human sCD14 

Quantikine ELISA kit #DC140) per manufacturer’s instructions. Plasma samples from two 

subjects were unavailable for measurement.

Statistical Analysis

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 
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(indicated by p-value in text) with Dunn’s post hoc analyses (p-values in figures) were used 

for comparing continuous variables. No correction for multiple comparisons was performed 

unless otherwise stated. Statistical analyses and graphing were performed in R 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study Design and Cohort Characteristics
(A) Subject cohort and study design. 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). 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 and HIV 

viral load (p =0.002). p ≤ 0.01 = **, p ≤ 0.0001 = ****. Bars indicate median ± interquartile 

range (IQR). See also Table S1.
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Figure 2. Eukaryotic viruses identified in the fecal samples
Alignment (red bars) of (A) two near full-length adenovirus contigs (34,669 and 32,313 bp) 

and (B) two representative Human Papillomavirus (HPV) contigs (7,362 and 7,857 bp) to 

the most closely related virus genome (blue bars). Percentages indicate nucleotide identity 

over the length of the best-aligned homologous region compared to the reference genome. 

C) Correlation of Alphatorquevirus copies/ml as measured by quantitative real-time qPCR 

with number of unique Anelloviridae-assigned sequences (p < 0.0001). (D) Phylogenetic 

distance of anellovirus contig sequences (colored circles) with anellovirus reference 
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genomes (white circles). Colored circles represent viruses identified in samples from: blue, 

HIV-negative; green, CD4 >200; and red, CD4 <200 subjects. Bar indicates bootstrap 

distance. See also Figure S1, Table S2, S3.
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Figure 3. Comparison of enteric eukaryotic virus sequences and CD4 T cell count
Abundance of (A) Adenoviridae-, (B) Anelloviridae-, (C) Circoviridae- and (D) 

Papillomaviridae-assigned sequences in samples collected from HIV-negative subjects and 

subjects with CD4 >200 and <200. Sequences were normalized by dividing by the number 

of dereplicated (<95% identical), high-quality sequences. p ≤ 0.05 = *, p ≤ 0.01 = **. Bars 

indicate median ± interquartile range (IQR). Y-axis standardized by taking square root of the 

normalized value. See also Figures S2, S5, Table S4.
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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 performed in QIIME using 

two-sample, non-parametric t-tests with Monte Carlo permutations. Error bars indicate 

SEM. p ≤ 0.05 = * Principle Coordinate Analysis (PCoA) plots of the weighted UniFrac 
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distances colored by HIV status and (D) CD4 T cell count or (E) ART treatment. See also 

Figure S3, S4, Table S7.

Monaco et al. Page 21

Cell Host Microbe. Author manuscript; available in PMC 2017 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 and CD4 <200 as well as (B) CD4 >200 versus <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. See also Tables S5, 6.
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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 (years) 43 (38–48) 44 (38–49) 29 (24 −34) < 0.0001

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

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

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

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

Laboratory measures, median (IQR)

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

          >500, n (%) NA 8 (20) 4 (9.5)

          200–500, n (%) NA 29 (72.5) 16 (38.1)

          <200, n (%) NA 3 (7.5) 22 (52.4)

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

      HIV Viral Load (copies/ml) NA 20 (20–20) 95,571(24455–285548) < 0.0001

      CD4 nadir (cells/µl) NA 116 (58–167) 225 (110–382) 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 30d

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

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

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

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

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

      OI prophylaxis

          Bactrim last 30d, n (%) 0 (0) 38 (95) 38 (90.5) < 0.0001a

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

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

Living conditions

      Water source, n (%)

          Communal Tap NA 15 (37.5) 22 (52.4) 0.1913

          Piped In NA 2 (5) 2 (4.8) 1.0000

          Open Well NA 7 (17.5) 8 (19) 1.0000

          Protected Well NA 7 (17.5) 1 (2.4) 0.0274
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Patient Characteristics
HIV Neg
(n = 40)

HIV on ART
(n = 40)

HIV no treatment
(n = 42) P value

          Other NA 9 (22.5) 9 (21.4) 1.0000

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

      Toilet type, n (%)

          Covered pit latrine NA 25 (62.5) 14 (33.3) 0.0145

          Uncovered pit latrine NA 15 (37.5) 25 (59.5) 0.0512

          Flush toilet 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

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

a
NS between HIV-positive groups.
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