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Introduction
Approximately 1.7 million people are newly infected by HIV-1 each year (1). The composition of  the bacte-
rial community on the foreskin modifies a heterosexual man’s risk for HIV acquisition (2), as is the case for 
the vaginal bacterial community in a woman (3, 4), and may contribute to the well-established protective 
effect of  male circumcision (5–8). However, the bacterial species responsible for increased HIV risk and the 
biological mechanism by which they facilitate HIV acquisition are unclear. Closing these knowledge gaps 
may open doors for novel HIV prevention strategies.

The foreskin mucosa is a complex microenvironment in which rich communities of  immune cells and 
microbes interact. The immune milieu incorporates T and B cells, dendritic cells, and innate immune cells, 
along with their associated cytokines and antimicrobial peptides, and protects against HIV acquisition after 
most sexual exposures (9). However, microbes can activate immune cells, making them more susceptible to 
HIV; therefore, the bacterial species that comprise the foreskin microbiome may be a key determinant of  
HIV susceptibility. We present for the first time, to our knowledge, a comprehensive analysis of  the penile 
bacterial microbiome in 2 previously described, independent cohorts of  HIV-uninfected and uncircumcised 
men from rural Uganda (6, 10) in order to identify the exact foreskin bacterial species associated with 
enhanced HIV acquisition and to determine whether these species drive HIV acquisition by recruiting 
HIV-susceptible CD4+ T cells to vulnerable regions of  the inner foreskin.

Results
Penile bacterial communities associated with HIV acquisition. We initially performed a comprehensive assess-
ment of  foreskin bacterial communities from HIV-uninfected men, using coronal sulcus swabs collected 

The foreskin is a site of heterosexual acquisition of HIV-1 among uncircumcised men. However, 
some men remain HIV-negative despite repeated, unprotected vaginal intercourse with HIV-positive 
partners, while others become infected after few exposures. The foreskin microbiome includes 
a diverse group of anaerobic bacteria that have been linked to HIV acquisition. However, these 
anaerobes tend to coassociate, making it difficult to determine which species might increase HIV risk 
and which may be innocent bystanders. Here, we show that 6 specific anaerobic bacterial species, 
Peptostreptococcus anaerobius, Prevotella bivia, Prevotella disiens, Dialister propionicifaciens, Dialister 
micraerophilus, and a genetic near neighbor of Dialister succinatiphilus, significantly increased 
cytokine production, recruited HIV-susceptible CD4+ T cells to the inner foreskin, and were associated 
with HIV acquisition. This strongly suggests that the penile microbiome increases host susceptibility 
to HIV and that these species are potential targets for microbiome-based prevention strategies.
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from men in the uncircumcised control arm of  a randomized trial of  male circumcision for HIV prevention 
in Rakai, Uganda (6). We performed a case-control study to estimate the ORs of  subsequent HIV serocon-
version associated with specific bacterial species present at baseline. For this HIV seroconversion cohort (6), 
cases (n = 48) were defined as uncircumcised men who went on to acquire HIV, and controls (n = 140) were 
uncircumcised men who remained HIV-uninfected during the full 24-month period of  follow-up.

Total bacterial density was highly variable among the 188 study participants, spanning 5 orders of  mag-
nitude. Several bacterial genera were prevalent in all men, including Prevotella, Peptoniphilus, Porphyromonas, 
Finegoldia, Corynebacterium, Anaerococcus, Dialister, and a genetic near-neighbor of  the family Peptoniphila-
ceae. Although prevalent in all men, the abundances of  these genera within the penile microbiome varied 
substantially among men. Prevotella was the most abundant, with a median proportional abundance of  
15.5% (IQR, 5.9%–27.9%; Supplemental Table 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.147363DS1).

To identify the bacterial communities associated with HIV acquisition, we first examined the overall 
penile microbiome composition based on the proportional abundance of  Prevotella (Figure 1). Men in the 
2 highest Prevotella quartiles had a significantly higher risk of  seroconversion compared with those in the 
lowest quartile (Figure 1A; Q3, aOR = 5.24, 95%CI = 1.43–22.60; Q4, aOR = 5.42, 95%CI = 1.63–21.19; 
adjusting for age, number of  sex partners, and condom use). Total bacterial density differed significantly 
across the 4 quartiles (Figure 1B; ANOVA, P < 0.001) and was also significantly (but not as strongly) asso-
ciated with risk of  seroconversion (Figure 1A; OR = 1.34, 95% CI = 1.01–1.82).

Defining specific bacterial species uniquely associated with HIV acquisition and inflammation. Because several gen-
era frequently co-occurred with Prevotella, we performed a nontargeted search within the HIV seroconversion 
cohort sample set to differentiate HIV seroconversion-associated species from bystanders. Eleven penile bac-
terial genera were significantly associated with increased risk of  seroconversion (Supplemental Table 2). We 
extracted and analyzed species-level data from these 11 seroconversion-associated genera as well as from an 
additional 6 genera previously associated with HIV risk (Supplemental Table 3). Of the 56 species belonging 
to these 17 genera, 34 were positively associated with seroconversion (aOR, P < 0.05; Table 1). No bacterial 
species were associated with decreased risk of  seroconversion (i.e., with protection against HIV acquisition).

To understand the mechanisms by which these species might increase risk, we first used subpreputial 
swabs collected from the HIV seroconversion cohort to define bacterial associations with foreskin soluble 
immune parameters previously associated with increased HIV risk, specifically IL-8 and α-defensins (11–16). 
All 34 bacterial species were associated with elevated subpreputial IL-8 levels, and 94.1% (32 of  34 species) 
were associated with elevated α-defensins (Supplemental Table 4). To assess additional correlations with tis-
sue immune cells that represent preferential targets for HIV infection, we then performed for the first time to 
our knowledge an analysis of  the penile bacterial microbiome in a second cohort of  HIV-uninfected, uncir-
cumcised men. This independent cellular immunology cohort, for which both subpreputial swabs and fore-
skin tissues had been collected, comprised a cross-sectional study of  HIV-negative Ugandan men undergoing 
elective circumcision for HIV prevention between 2009 and 2012 (17). In this separate cohort, most sero-
conversion-associated bacterial species were again associated with both elevated subpreputial IL-8 (32 of  34 
species) and elevated α-defensins levels (27 of  34 species; Supplemental Table 4). However, only 6 species 
(17.6%) were additionally correlated with an increased foreskin tissue density of  preferential HIV target cells 
(CCR5+CD4+ T cells; Supplemental Table 4). These 6 species were Peptostreptococcus anaerobius, Prevotella bivia,  
Prevotella disiens, Dialister propionicifaciens, Dialister micraerophilus, and a genetic near neighbor of  Dialister succi-
natiphilus (Table 2). We named these species “bacteria associated with HIV seroconversion, inflammation, and 
immune Cells” (BASIC). These BASIC species are strict anaerobes, and each was associated with increased 
subpreputial proinflammatory immune mediators (IL-8 and α-defensins), density of  foreskin HIV target cells 
(CCR5+CD4+ T cells and Th17 cells; Supplemental Table 4), and HIV seroconversion.

Distinguishing between the effects of  total bacterial density and BASIC species. To distinguish between the fore-
skin inflammatory effects of  an increased overall bacterial density and those specific to an increased density 
of  BASIC species, we selected 4 control bacterial taxa as a comparator to the BASIC species: these included 
2 taxa of  anaerobes reduced by male circumcision but not associated with seroconversion (Negativicoccus spp. 
and Helcococcus spp.) and 2 taxa that increased after male circumcision (Corynebacterium spp. and Staphylococ-
cus spp.). We then categorized participants in the cellular immunology cohort into 3 groups: group A, in the 
top quartile of  abundance for BASIC species but not for control taxa (n = 12); group B, in the top quartile 
of  abundance for control taxa but not for BASIC species (n = 12); and group C, in the bottom quartile of  
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BASIC species abundance (n = 19). No men met the criteria for more than 1 group. Groups A and B had 
similarly high median total penile bacterial densities (Figure 2, A and B; 3.67 × 108 vs. 2.03 × 108 16S rRNA 
copies/swab, P = 0.30), but group A had a significantly higher density of  BASIC species compared with 
group B (6.2 × 107 vs. 2.8 × 106 16S rRNA copies/swab, P < 0.001). Group C was low in both total bacterial 
density and BASIC species density (Figure 2, A and B; P < 0.001 vs. groups A and B). Despite similarity 
in total bacterial densities, men in group A had much higher subpreputial IL-8 levels than men in group B 
(336.1 vs. 14.4 pg/ml, P = 0.001), while men in group C had the lowest levels of  IL-8 (3.0 pg/ml, P < 0.01 
vs. groups A and B; Figure 2C), suggesting that the BASIC species, above and beyond any immune effects of  
total bacterial load, were potent inducers of  penile IL-8.

We found that T cell recruitment to the foreskin tissues was also strongly associated with BASIC species 
(Figure 2, D–F). The relative abundances of  foreskin T cell subsets were quantified using flow cytometry 
(Figure 2D), and the overall tissue density of  T cells was quantified using immunohistochemistry (Figure 
2E). The median density of  HIV target cells in the foreskin tissue, including CCR5+CD4+ T cells and highly 
HIV-susceptible Th17 cells (15), was nearly 6-fold higher among men in group A, as compared with men 

Figure 1. Men in the 2 highest quartiles of Prevotella abundance are at significantly higher risk for subsequent HIV seroconversion. Prevotella proportional 
abundance (A) and total bacterial load (B) are associated with increased odds of HIV seroconversion. Case/control status and Prevotella quartile assignments 
are shown in C. Proportional abundances of penile bacterial genera for all men in the HIV seroconversion cohort (n = 188) are shown as a stacked bar plot in D. 
Logistic regression analyses adjusted for number of sexual partners, condom use, and age. *P < 0.05. PR Q, Prevotella quartile.
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in group B or C (30.0 vs. 6.2 and 4.0 CCR5+CD4+ T cells/mm2; 6.1 vs. 1.2 and 0.6 Th17 cells/mm2; all P < 
0.05; Figure 2F and Supplemental Table 5). However, the relative proportions of  specific T cell subsets were 
similar across all 3 groups, suggesting that BASIC bacteria were not inducing the recruitment of  specific T 
cell subsets to the foreskin tissue (Figure 2F and Supplemental Table 6). Taken together, these data suggest 
that BASIC species may increase HIV seroconversion risk through the generalized tissue recruitment of  T 
cells to the foreskin, including highly HIV-susceptible target cells.

Tissue compartmentalization of  inflammation induced by BASIC species. The foreskin forms a fold of skin over the 
glans on the nonerect penis and thus comprises two aspects: the outer foreskin, which is exposed to the air on 
the nonerect penis, and the inner foreskin, which lies against the glans on the nonerect penis and is exposed to 
the comparatively hypoxic subpreputial space and coronal sulcus bacteria. We compared T cell density between 
the inner and outer foreskin aspects and found that T cells were specifically localized in the inner foreskin in 
men with high BASIC species (Figure 3). Men in group A had over 5-fold higher median T cell density in the 
inner foreskin than men in groups B and C (243.1 vs. 41.5 and 19.2 T cells/mm2, both P < 0.01). However, in 
the outer foreskin, median T cell densities were low in all 3 groups (53.8, 35.8, and 17.2 T cells/mm2) with no  

Table 1. Bacterial species associated with risk of HIV acquisition in the HIV seroconversion cohort

Taxa Absolute abundance 
(median/swab) OR (95% CI)A aORB (95% CI)A aORB P value

Prevotella timonensis 4.59 × 106 1.44 (1.14–1.81) 1.46 (1.15–1.86) 0.002
Prevotella buccalis 1.74 × 106 1.32 (1.06–1.65) 1.34 (1.07–1.68) 0.012
Porphyromonas asaccharolytica 1.58 × 106 1.27 (1.04–1.54) 1.29 (1.05–1.59) 0.017
Dialister propionicifaciens 1.05 × 106 1.09 (0.97–1.24) 1.38 (1.09–1.73) 0.006
Murdochiella sp.S5-A16 <0.97C 6.34 × 105 1.37 (1.09–1.73) 1.41 (1.11–1.81) 0.006
Peptoniphilus lacrimalis 3.80 × 105 1.27 (1.04–1.55) 1.29 (1.06–1.59) 0.013
Uncultured Ezakiella sp. 3.30 × 105 1.31 (1.06–1.63) 1.31 (1.04–1.65) 0.024
Prevotella bivia 2.83 × 105 1.41 (1.14–1.74) 1.44 (1.15–1.81) 0.002
Peptostreptococcus anaerobius 2.13 × 105 1.38 (1.13–1.69) 1.37 (1.11–1.69) 0.004
Peptoniphilus sp.BV3AC2 <0.97C 2.04 × 105 1.40 (1.14–1.73) 1.37 (1.10–1.70) 0.005
Mobiluncus curtisii 2.00 × 105 1.25 (1.02–1.53) 1.33 (1.06–1.65) 0.012
Uncultured Prevotella sp. <0.97C 1.54 × 105 1.35 (1.11–1.65) 1.37 (1.11–1.69) 0.003
Prevotella corporis 1.40 × 105 1.34 (1.10–1.63) 1.36 (1.09–1.69) 0.006
Prevotella disiens 1.38 × 105 1.34 (1.11–1.61) 1.33 (1.10–1.60) 0.003
Porphyromonas circumdentaria <0.97C 1.05 × 105 1.18 (1.00–1.38) 1.19 (1.00–1.41) 0.045
Porphyromonas somerae 9.40 × 104 1.26 (1.05–1.51) 1.24 (1.04–1.50) 0.020
Prevotella buccalis <0.97C 7.06 × 104 1.20 (1.02–1.41) 1.18 (1.00–1.40) 0.049
Lactobacillus crispatus 5.33 × 104 1.51 (1.12–2.03) 1.48 (1.08–2.04) 0.015
Dialister micraerophilus 3.03 × 104 1.30 (1.10–1.54) 1.31 (1.10–1.56) 0.003
Dialister succinatiphilus <0.97C 1.20 × 104 1.34 (1.14–1.58) 1.28 (1.08–1.52) 0.005
Prevotella disiens <0.97C 8.24 × 103 1.30 (1.12–1.50) 1.27 (1.10–1.48) 0.002
Prevotella timonensis <0.97C 3.03 × 103 1.14 (1.01–1.29) 1.15 (1.01–1.31) 0.041
Prevotella corporis <0.97C 4.03 × 102 1.17 (1.04–1.31) 1.17 (1.03–1.32) 0.018
Uncultured Parvimonas sp. <0.97C 2.03 × 102 1.16 (1.02–1.32) 1.20 (1.04–1.37) 0.011
Prevotella sp.S7 MS 2 <0.97C 0.00 × 100 1.31 (1.15–1.51) 1.36 (1.17–1.59) 0.001
Mycoplasma spermatophilum 0.00 × 100 1.20 (1.06–1.36) 1.22 (1.06–1.40) 0.004
Prevotella enoeca <0.97C 0.00 × 100 1.18 (1.04–1.34) 1.19 (1.04–1.36) 0.014
Porphyromonas endodontalis 0.00 × 100 1.13 (0.99–1.29) 1.17 (1.01–1.35) 0.033
Prevotella bivia <0.97C 0.00 × 100 1.19 (1.04–1.35) 1.17 (1.01–1.34) 0.035
Prevotella <0.97C,D 1.13 × 104 1.24 (1.07–1.43) 1.21 (1.04–1.41) 0.016
Dialister <0.97C,D 9.47 × 101 1.19 (1.05–1.35) 1.16 (1.01–1.33) 0.033
Porphyromonas <0.97C,D 0.00 × 100 1.28 (1.12–1.45) 1.24 (1.08–1.42) 0.002
Clostridiales incertae sedis XI <0.97C,E 4.82 × 106 1.31 (1.06–1.61) 1.32 (1.06–1.64) 0.015
Firmicutes <0.97C,F 2.43 × 105 1.24 (1.02–1.50) 1.28 (1.04–1.58) 0.020
ACI, confidence interval. BaOR, OR of HIV seroconversion, adjusted for number of sexual partners, condom use, and age. CGenetic near neighbor, with less 
than 97% sequence similarity (noted as “<0.97” above). DClassified at level of genus. EClassified at level of family. FClassified at level of phylum. OR, OR of 
HIV seroconversion per log10 increase in absolute abundance.
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significant differences between groups (Figure 3B). These findings are consistent with T cell recruitment occur-
ring in response to the anaerobic BASIC species in the low-oxygen subpreputial space of the inner foreskin.

Penile bacterial community network patterns. Finally, we assessed the co-occurrence patterns of  the BASIC 
species to determine whether they occurred in specific bacterial networks. Using data from the HIV serocon-
version cohort, network analysis revealed that the BASIC species and the 4 control taxa formed 2 distinct 
network substructures (Figure 4A), and this bacterial network structure was strikingly similar to that of  the 
independent cellular immunology cohort (Figure 4B). Additionally, 3 of  the 6 BASIC species — P. anaer-
obius, D. micraerophilus, and P. bivia — formed a close triad, which was highly associated with HIV target 
cell density in the cellular immunology cohort, including CCR5+CD4+ T cells (Figure 5A) and Th17 cells 
(Figure 5B). D. propionicifaciens correlated highly with other bacteria in the BASIC substructure and served 
as a network hub (Figures 4 and 5). None of  the bacteria that co-occurred with the BASIC species, nor 
the control taxa, were associated with HIV target cell density (Figure 5, Table 2, and Supplemental Table 
6). Overall, this indicates that a few, highly co-occurring species were associated with host inflammatory 
immune parameters that increase seroconversion risk.

Discussion
The foreskin is the major site of  HIV acquisition in uncircumcised heterosexual men, and HIV risk is 
reduced by almost 60% after penile circumcision (6–8). The mechanism of  this protection is incompletely 
understood, and a better understanding may lead to new avenues for HIV prevention for the large subset 
of  men who prefer not to undergo this surgical procedure. In the current study, we identified 6 BASIC 
anaerobic bacterial species that are associated with each of  elevated inflammatory immune mediators in the 
coronal sulcus, compartmentalized recruitment of  HIV target cells to the inner foreskin, and increased HIV 
acquisition. This suggests that clinical interventions targeting these specific penile bacterial species should be 
explored in future HIV prevention studies.

Prior studies have shown that several anaerobic bacterial genera commonly found on the penis are 
reduced after circumcision (5) and that among men who remain uncircumcised most of  these same genera 
are associated with foreskin inflammation and HIV acquisition (2). However, because anaerobic bacteria 
tend to coassociate, standard approaches to analyze seroconversion associations were not able to distinguish 
causation from coassociation. In the current study, we confirmed that the uncircumcised penile microbiome 
is largely comprised of  highly co-occurring anaerobes, but a more detailed immune analysis and species-lev-
el taxonomic assignment demonstrated that only 6 species in the uncircumcised penile microbiome were 
associated with HIV seroconversion, proinflammatory cytokine levels, and foreskin tissue density of  CD4+ 
T cells bearing the HIV coreceptor CCR5. While overall bacterial density was an important determinant of  
foreskin tissue inflammation, these key BASIC species were associated with much higher levels of  tissue 
inflammation than control species, after controlling for bacterial density. Network analysis demonstrated 

Table 2. Associations between BASIC species and HIV seroconversion (HIV seroconversion cohort) and immune outcomes (cellular 
immunology cohort) as well as associations of control taxa not associated with seroconversion

Taxa
Association with SCA CCR5+ T cells IL-8 (pg/ml)

ORB aORC P value Rho P value Rho P value
Dialister micraerophilus 1.30 1.31 0.003 0.301 0.006 0.493 <0.001
Dialister propionicifaciens 1.09 1.38 0.006 0.257 0.019 0.520 <0.001
Dialister succinatiphilus <0.97D 1.34 1.28 0.005 0.261 0.017 0.434 <0.001
Peptostreptococcus anaerobius 1.38 1.37 0.004 0.366 0.001 0.596 <0.001
Prevotella bivia 1.41 1.44 0.002 0.400 0.000 0.538 <0.001
Prevotella disiens 1.34 1.33 0.003 0.390 0.000 0.486 <0.001
Corynebacterium spp. 1.18 1.14 0.521 –0.122 0.273 0.204 0.058
Staphylococcus spp. 0.92 0.88 0.304 –0.122 0.272 0.051 0.638
Negativicoccus spp. 1.07 1.07 0.569 0.034 0.762 0.122 0.261
Helcococcus spp. 1.02 1.04 0.653 –0.178 0.108 0.017 0.877
ASC, seroconversion. BOR, OR of HIV seroconversion per log10 increase in absolute abundance. CaOR, OR adjusted for number of sexual partners, condom 
use, and age. DGenetic near neighbor, with less than 0.97% sequence similarity.
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that BASIC species clustered together, with D. propionicifaciens serving as a network hub for anaerobic bac-
teria. The particularly strong co-occurrence of  the 3 BASIC species P. anaerobius, D. micraerophilus, and P. 
bivia is very interesting, given that, in women with bacterial vaginosis (BV), a commensal symbiosis has been 
described, wherein P. bivia supports the growth of  P. anaerobius (18). Therefore, further mechanistic analyses 
may reveal specific targets to destabilize inflammatory penile anaerobe networks. This is the first biological 
evidence to our knowledge of  a species-specific connection between penile bacteria and foreskin HIV-sus-
ceptible cell recruitment; this suggests targets for focused microbiome-specific interventions to reduce HIV 
transmission. Nonetheless, anaerobe co-occurrence makes it difficult to be certain of  causation, and in vitro 
assays or perhaps in vivo animal models may be useful approaches to confirm their causal role.

Interestingly, no bacterial species or genera were found to be protective against penile HIV acquisition. Lacto-
bacillus crispatus, a dominant component of the vaginal microbiome that is associated with reduced inflammation 
and relative HIV protection in women (3, 19), was associated with an increased risk of HIV acquisition in men 
and with increased penile IL-8 detection, although not with the density of HIV target cell subsets in foreskin 
tissue. While it is possible that the biological effect of L. crispatus is different from that of the anaerobes, it is also 
plausible that the detection of this species within the penile microbiome is a marker for recent unprotected sex 

Figure 2. High abundance of BASIC species, but not overall bacterial load, is associated with high foreskin T cell density without alterations in T cell 
subset distribution. Men in the cellular immunology cohort were divided into 3 groups, high BASIC species (group A, n = 12), high control taxa (group B, n 
= 12), and low BASIC species (group C, n = 19), and total bacterial density (A), BASIC species density (B), and subpreputial IL-8 (C), were compared. Foreskin 
T cell immune response was measured using flow cytometry (D) combined with CD3 immunohistochemistry (E) (analysis area highlighted in orange; scale 
bar: 250 μm [left and middle]; 200 μm [right]), and showed that group A had significantly (both P < 0.05) higher foreskin T cell density than groups B or C 
(F). Numbers in F represent percentages of CD3+ cells that are CD4+CCR5+ and Th17 cells (Wilcoxon rank-sum test).
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with a female partner, where the genital environment is enriched for IL-8 as well as these bacteria (20), rather 
than representing a stable component of the penile microbiome with direct host immune impact.

Indeed, despite substantial overlap in key bacterial species and taxa, the structure of  the penile microbi-
ome of  an uncircumcised man is quite distinct from that of  the vagina. While there is no universally accepted 
classification system for the female genital tract microbiome, it can be fairly easily sorted into distinct com-
munity state types (CSTs) that are predominated either by one of  several Lactobacillus species or by Gardnerella 
vaginalis, with or without diverse “BV-associated anaerobes,” and these CSTs are in turn associated with very 
distinct host mucosal immune profiles (19, 20). While one prior study was able to sort the penile microbiota 
into 7 CSTs (21), none of  these were predominated by Lactobacillus species, and they were not nearly as dis-
tinct as those in the female genital tract. Rather, in this current, much larger analysis, we demonstrated a core 
repertoire of  common penile taxa/species that can vary substantially from one person to another in terms of  
their relative abundance and confirm that lactobacilli do not play a central role.

The current work uses sophisticated microbiological, immunological, and statistical techniques to define the 
associations among penile bacteria, immunology, and HIV acquisition. Models that could better define the caus-
al nature of these relationships might include small- or large-animal models, ex vivo explant models, or in vitro 
epithelial constructs. While such assays are beyond the scope of the current work, prior work from our group 
demonstrates that the associations we define are likely to be causal. Specifically, the clinical treatment of BV 
in women caused a reduction in Prevotella spp, reduced HIV entry into cervical CD4+ T cells, and dramatically 
changed genital cytokine levels, clearly demonstrating a causal relationship between female genital bacteria and 
genital immunology (22). Furthermore, the application of inflammatory cytokines to foreskin explant tissues 
recruited CD4+ T cell targets to the epithelium of the inner (but not outer) foreskin (23). In the latter case, these 
CD4+ T cells must have been mobilized from within the existing foreskin tissue, while in vivo one would expect 
even more substantive effects through broader tissue T cell recruitment in response to inflammation.

At present, it is not clear if  or how these associations among the penile microbiome, local immunology, 
and HIV acquisition could be translated into clinical strategies to reduce HIV risk for uncircumcised men. It has 
been demonstrated in the Rakai community cohort that penile washing immediately after sex does not reduce 
HIV acquisition (and may actually increase it) (24). While the timing of washing in this study means that it 
could not have altered the penile microbiome at the time of sexual HIV exposure, even washing the penis imme-
diately before sex would not be expected to immediately reverse the cellular immune associations of penile 
dysbiosis that we describe. Whether systemic or topical antibiotics can reduce the density of penile BASIC 
bacteria and/or alter penile immunology in uncircumcised men will be an interesting area for future research.

In conclusion, we have identified 6 bacterial species on the penis that were prospectively associat-
ed with HIV seroconversion and localized recruitment of  the most susceptible HIV target cells to the 
inner foreskin. These BASIC species belong to genera that are reduced by male circumcision, which may 
explain why circumcised men are at reduced risk for HIV acquisition through heterosexual sex. The con-
sistent cross-cohort association between BASIC species and penile inflammation strongly implicates the 

Figure 3. High BASIC species abundance is associated with T cell recruitment to only the inner foreskin. As shown by representative CD3 histology 
images (scale bar: 100 μm) (A), men with high abundance of BASIC species (group A, n = 12) had significantly (both P < 0.01) higher inner foreskin T cell 
densities than groups B (n = 12) and C (n = 19) (B). The increased T cell abundance was restricted to the inner aspect of the foreskin (which is exposed to 
subpreputial anaerobes); outer foreskin T cell densities were similarly low in all 3 groups (Wilcoxon rank-sum test).
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penile microbiome in host susceptibility to HIV infection and suggests that BASIC species may be candi-
dates for novel microbiome-based prevention strategies.

Methods

Experimental design
The objective of  this study was to identify subpreputial bacterial species associated with inflammation and 
increased risk of  HIV seroconversion in uncircumcised heterosexual men. Two study designs were used 
to meet this objective: a case-control study using the HIV seroconversion cohort (6) and an observational, 
cross-sectional cohort study using the cellular immunology cohort (10). All samples were deidentified for 
analysis such that investigators performing assays were blinded to participant characteristics.

HIV seroconversion cohort. We conducted a case-control study of  uncircumcised adult men nested within 
a randomized trial of  male circumcision for HIV prevention in 2004–2006 in Rakai, Uganda (6). As male 
circumcision significantly alters the penile microbiome (5), only trial participants from the delayed circum-
cision arm of  the trial who remained uncircumcised for the duration of  the trial were included. Each case 
was matched to 3 controls selected at random as long, as they had corresponding follow-up visits. Cases (n =  

Figure 4. Penile bacterial community network structure is conserved across cohorts, with clustering of BASIC species. Penile microbiome network 
structures are conserved across 2 independent study cohorts, the HIV seroconversion cohort (n = 188) (A) and the cellular immunology cohort (n = 90) (B). 
Network structure displays the correlation of the 6 BASIC species and their 10 most correlated genera/species (species are listed). Correlation between spe-
cies is denoted by the spatial location of nodes and edge color; node size displays species prevalence. Species-level correlations with subpreputial IL-8 are 
displayed by node color. Correlations were assessed by Spearman’s test.
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68) were men who acquired HIV during the 24-month follow-up, and controls (n = 140) were persistently 
HIV-uninfected men. We analyzed penile microbiome and subpreputial cytokines using coronal sulcus 
swabs collected at trial baseline.

Cellular immunology cohort. We conducted a second study in a cohort of  HIV-negative men (n = 89) pre-
senting for elective adult male circumcision at the Rakai Circumcision Service Program between 2010 and 
2011 (10, 17, 25). Participants with evidence of  genital infections, such as urethral discharge, genital ulcer-
ation, or dysuria, were treated and reassessed to ensure resolution of  infection before surgery. HIV-negative 
status was confirmed by HIV serology and real-time PCR. We analyzed penile microbiome and subpreputial 
cytokines using coronal sulcus swabs collected before surgical cleansing and the foreskin cellular immune 
response using foreskin tissues removed during surgery.

Sample collection and processing
For both cohorts, clinical officers collected penile swabs using premoistened Dacron swabs and rotated twice 
around the full circumference of the penis at the coronal sulcus as previously described (6). DNA isolation for the 
HIV seroconversion cohort and the cellular immunology cohort was performed as described previously (21, 26).

To study foreskin cellular immunology, tissue removed during male circumcision was processed within 
1 hour of  surgery, as previously described (10). One section from each of  the inner and outer aspects of  the 
foreskin was snap frozen into cryomolds in OCT compound (Fisher Scientific) for immunohistochemistry; 
and one large section, containing equal area of  the inner and outer aspects, was reserved for T cell isolation. 
The inner foreskin is the aspect of  tissue that lies against the glans and coronal sulcus on the nonerect penis, 

Figure 5. Penile microbiome networks identify a highly co-occurring triad that is strongly associated with HIV target cell density in the cellular immunol-
ogy cohort (n = 90). Node colors indicate species-level associations with HIV target cell density, including CCR5+CD4+ T cells (A) and Th17 cells (B). Correlation 
between species denoted by spatial location of nodes and edge color and node size displays species prevalence. Correlations were assessed by Spearman’s test.
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while the outer foreskin is the aspect that is exposed to the air on the nonerect penis and is closer to the skin 
that remains on the shaft after circumcision.

Penile microbiome characterization
Penile coronal sulcus microbiome analysis was characterized by 16S rRNA gene–based amplicon sequenc-
ing (V3V4) and by broad-range real-time PCR (V3V4) as previously described (21, 27). Additional spe-
cies-level classification was performed using a custom Bayesian classifier trained by a curated training set 
created for select genera. Using the resultant sequencing and qPCR data, absolute abundance of  each 
penile bacterial genus and species was calculated as follows: absolute abundance of  a taxon per swab = 
total penile bacterial load per swab (measured as total copies of  16S rRNA gene per swab by qPCR) × pro-
portional abundance of  the given taxon (measured as the number of  16S rRNA gene sequences assigned to 
a taxon in a given sample, divided by the total number of  16S rRNA sequences obtained for the sample).

Quantification of immune outcomes
Subpreputial IL-8 and a-defensins (human neutrophil peptides 1–3 [HNP1–HNP3]) were measured in 
coronal sulcus swabs, selected based on their previous association with HIV-1 acquisition in men and 
women (10–12). IL-8 was measured as part of  a custom Human Ultra-Sensitive kit on an electrochemi-
luminescent detection system (Meso Scale Discovery; LLOQ for IL-8 = 1.5 pg/ml). HNP1–HNP3 were 
measured using conventional EIA (Hycult Biotechnology; LLOQ = 156 pg/ml).

T cells from tissues obtained through the cellular immunology cohort were characterized by a com-
bination of  flow cytometry and immunohistochemistry, as previously described (11, 25). T cells were iso-
lated using a combination of  mechanical and enzymatic disruption. Th17 and Th22 cells were identified 
functionally by the production of  IL-17 or the production of  IL-22 in the absence of  IL-17, respectively, 
in response to stimulation with 1 ng/ml phorbol-12-myristate-13-acetate (MilliporeSigma) and 1 μg/ml 
ionomycin (MilliporeSigma) in the presence of  5 μg/ml Brefeldin A (GolgiPlug, BD Biosciences). Cells 
were stained with antibodies raised against CD3 (UCHT1), CD4+ (RPA-T4), CD8+ (SK1), CCR5 (2D7/
CCR5; all BD Biosciences) and IL-17 (eBio64DEC17) and IL-22 (22URTI; both eBiosciences), and data 
were acquired using a FACSCalibur flow cytometer (BD Biosciences). Data analysis was performed using 
FlowJo (v.9.3, Treestar) by investigators blinded to microbiome composition.

For CD3 immunohistochemistry, OCT-cryopreserved tissues were sectioned and stained with anti-
CD3 antibody (Vector Labs) and Hematoxylin (Fisher Scientific). One whole tissue section from each 
of  the inner and outer aspects of  the foreskin was analyzed per participant (median 6.10 mm2 tissue/
participant). The epidermis and dermis (to a depth of  300 μm from the surface of  the foreskin) were 
delineated using ImageJ (NIH) and CD3+ cells counted by an investigator blinded to both foreskin aspect 
(inner vs. outer) and microbiome composition. To convert proportions of  T cell subsets obtained through 
flow cytometry to tissue densities, an overall T cell density was calculated for each man by averaging the 
density of  CD3+ cells/mm2 in both the inner and outer aspects, including both epidermis and dermis, 
obtained through immunohistochemistry. This overall T cell density was multiplied by the percentage of  
CD3+ flow cytometry events falling into a subset of  interest (i.e., the percentage of  CD3+ events that were 
also CD4+CCR5+ was multiplied by the average density of  CD3+ cells/mm2 tissue).

Statistics
Association between penile microbiome composition and risk of  seroconversion. We first characterized the prev-
alence (prevalence of  a taxon among participants), proportional abundance (proportional abundance 
of  a taxon within an individual’s microbiome), and absolute abundance (log10 16S RNA gene copies 
per swab) of  penile bacterial genera, where prevalence was defined as the percentage of  participants 
for whom we detected 10 or more sequences from the particular taxon. We next compared the overall 
microbiome composition in cases versus controls from the HIV seroconversion cohort by permutational 
analysis of  variance. To further assess the relationship between overall microbiome composition and 
seroconversion risk, we ranked participants based on abundance of  Prevotella to generate quartiles (PR 
Q1 to PR Q4, where PR Q denotes Prevotella quartile). We then compared the total bacterial density 
(log10 16S RNA gene copies per swab) across Prevotella quartiles by analysis of  variance and assessed the 
associations between HIV seroconversion and (a) Prevotella quartile assignment and (b) total bacterial 
density using logistic regression.
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Definition of  penile bacterial species associated with seroconversion. Seroconversion-associated genera were 
defined as those that had a statistically significant (P < 0.05) OR in multivariate logistic regression of  
seroconversion on absolute abundance (adjusting for number of  sexual partners, condom use, and age) 
and had a median absolute abundance above the first quartile (which excluded only taxa with proportional 
abundance <0.001). Using species-level data from each of  these seroconversion-associated genera, as well 
as species that have been previously reported in the literature as being associated with seroconversion in 
either men or women (3, 4), we then identified seroconversion-associated species based on having a statisti-
cally significant (P < 0.05) OR in multivariate logistic regression of  seroconversion on absolute abundance 
(adjusting for number of  sexual partners, condom use, and age). This initial screening analysis was inclu-
sive; we did not control for multiple comparisons (which would protect against false positives but increase 
the likelihood of  false negatives), and we included additional species from genera that were not associated 
with seroconversion in the present analysis if  they been found to be associated with seroconversion in pre-
vious publications. This inclusive approach protected against missing potentially important species-level 
associations (false negatives), while subsequent analyses assessing relationships with cellular markers and 
cytokines were employed to screen out false positives.

Assessment of  immune associations. From the seroconversion-associated species, final species associated 
with both subpreputial IL-8 level and foreskin CCR5+CD4+ T cell density were identified using Spearman 
correlations with the absolute abundance of  each penile bacterial species. These final species were defined 
as the BASIC species. We assessed the specificity of  immune response associated with BASIC species abun-
dance by comparing 3 groups from the cellular immunology cohort, selected based on abundance of  BASIC 
species, and 4 control taxa: 2 taxa of  anaerobes reduced by male circumcision but not associated with sero-
conversion (Negativicoccus spp. and Helcococcus spp.) and 2 taxa increased by male circumcision (Corynebac-
terium spp. and Staphylococcus spp.). Groups were defined as follows: (a) group A, participants with a high 
abundance of  BASIC species, defined as individuals within the top quartile of  BASIC absolute abundance 
but not within the top quartile of  absolute abundance of  control taxa; (b) group B, participants with high 
abundance of  control taxa, defined as individuals within the top quartile of  control taxa absolute abundance 
but not within the top quartile of  BASIC absolute abundance; and (c) group C, participants within the bot-
tom quartile of  BASIC species but not in the top quartile of  control taxa (so as to generate mutually exclusive 
groups). We compared bacterial densities, IL-8 concentrations, and T cell densities among the 3 microbiome 
groups using the Wilcoxon rank-sum test. We further evaluated localization of  foreskin T cells by comparing 
T cell density in the inner and outer foreskin epidermis and dermis of  the 3 microbiome groups by immuno-
histochemistry using the Wilcoxon rank-sum test to compare T cell density between groups and the Wilcox-
on signed-rank test to compare if  difference between dermis and epidermis is significantly different from 0.

Assessment of  bacterial co-occurrence. To assess penile bacterial co-occurrence patterns, we utilized network 
analysis. We constructed the co-occurrence network using pairwise Spearman correlations based on absolute 
abundances and graphed the 6 BASIC species and 4 control taxa. Up to 10 most strongly and significantly (P < 
0.01) correlated genera/species for the BASIC species and control taxa were also included. To assess the rela-
tionship between penile bacteria and immune parameters, we further annotated the penile bacterial networks 
with Spearman correlations between each taxon and subpreputial IL-8 levels and CCR5+ CD4+ T cell densities.

Statistical software. All statistical analyses were performed using R (R Core Team, 2018; http://www. 
R-project.org/), SAS (SAS Institute Inc., version 9.4), and StataSE (StataCorp, version 16). Graphs were pre-
pared in R and Prism (GraphPad, version 8). Networks were spatialized in Gephi 0.9.2 using Force Atlas 2 (28).
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