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Abstract 36 

People living with HIV (PLHIV) are exposed to chronic immune dysregulation, even 37 

when virus replication is suppressed by antiretroviral therapy (ART). Given the 38 

emerging role of the gut microbiome in immunity, we hypothesized that the gut 39 

microbiome may be related to the cytokine production capacity of PLHIV. To test this 40 

hypothesis, we collected metagenomic data from 143 ART-treated PLHIV and assessed 41 

the ex vivo production capacity of eight different cytokines (IL-1³, IL-6, IL-1Ra, IL-10, 42 

IL17, IL22, TNF and IFN-³) in response to different stimuli. We also characterized 43 

CD4+ T cell3counts, HIV reservoir and other clinical parameters. Compared to 190 age- 44 

and sex-matched controls and a second independent control cohort, PLHIV showed 45 

microbial dysbiosis that was correlated with viral reservoir levels, cytokine production 46 

capacity and sexual behavior. Notably, we identified two genetically different P. copri 47 

strains that were enriched in either PLHIV or healthy controls. The control-enriched 48 

strain was negatively associated with IL-10, IL-6 and TNF production, independent of 49 

age, sex and sexual behavior, and positively associated with CD4+ T cell3level, whereas 50 

the PLHIV-enriched strain showed no associations. Our findings suggest that 51 

modulating the gut microbiome may be a strategy to modulate immune response in 52 

PLHIV. 53 

 54 

Novel Points 55 

1. We identified compositional and functional changes in the gut microbiome of 56 

PLHIV that were strongly related to sexual behavior. 57 

2. HIV-associated bacterial changes are negatively associated with HIV reservoir. The 58 

relative abundance of Firmicutes bacterium CAG 95 and Prevotella sp CAG 5226 59 

both show a negative association with CD4+ T cell3associated HIV-1 DNA. 60 

3. Prevotella copri and Bacteroides vulgatus show association with PBMC production 61 

capacity of IL-1³ and IL-10 that is independent of age, sex, BMI and sexual 62 

behavior. 63 

4. We observed two genetically different P. copri strains that are enriched in PLHIV 64 

and healthy individuals, respectively. 65 

5. The control-related P. copri strain specifically shows a negative association with 66 

IL-10, IL-6 and TNF production and a positive association with CD4+ T cell3level. 67 

This suggests it plays a potential protective role in chronic inflammation, which 68 

may be related to enrichment of a specific epitope peptide. 69 

  70 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 22, 2022. ; https://doi.org/10.1101/2022.04.21.489050doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.21.489050
http://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction 71 

 72 

Human Immunodeficiency Virus (HIV) infection induces chronic activation of the 73 

innate and adaptive immune systems, leading to a chronic inflammatory state 1. 74 

Combination antiretroviral treatment (ART) significantly decreases immune activation 75 

and systemic inflammation but does not restore the homeostasis in the immune system 76 

to that seen in healthy populations 2. The persistent inflammation, due in part to a 77 

dysbalanced cytokine network, contributes to a higher risk of non-AIDS-related 78 

morbidity in PLHIV, including cardiovascular disease, neurocognitive disease and 79 

certain HIV-related cancers 2,3. Previous studies have shown that HIV triggers 80 

the production of proinflammatory cytokines (tumor necrosis factor (TNF), interleukin 81 

(IL)-6, and IL-1) and anti-inflammatory cytokines (IL-10) 4,5. Starting ART has been 82 

shown to decrease plasma concentrations of IL-10 and IL-6, but the concentrations of 83 

TNF and other proinflammatory cytokines remain elevated 4. There are multiple 84 

potential causes for this dysregulated cytokine system, such as the effect of HIV, 85 

lymphoid tissue damage 6 and, in particular, gut dysbiosis 7. 86 

HIV infection induces significant changes in gut microbial composition and metabolic 87 

function 8,9. ART can partially restore the HIV-associated gut dysbiosis, but it cannot 88 

normalize the gut microbiome to a pattern resembling that of a healthy control 89 

population 10,11. Compared with healthy controls, long-term treated PLHIV still exhibit 90 

decreased alpha diversity, increased abundances of Enterobacteriaceae and decreased 91 

abundances of Bacteroidetes, Alistipes 7 and butyrate-producing bacteria that help 92 

maintain healthy gut homeostasis 12. However, no consistent pattern of gut dysbiosis 93 

has been defined in long-term treated PLHIV 13. One major reason for this is that sexual 94 

behavior may have a strong influence on gut microbiota, and most previous studies 95 

were not able to control for this factor 13. For example, an over-representation of 96 

Prevotella accompanied with a decrease in Bacteroides in PLHIV was recently found 97 

to be due to men who have sex with men (MSM) status rather than HIV infection 14316. 98 

Considering that a major part of the HIV-infected population in Europe and North 99 

America is composed of MSM, the biological importance of this feature needs to be 100 

explored. 101 

In long-term treated PLHIV, a link between gut dysbiosis and host cytokine levels has 102 

been reported. For instance, in PLHIV with atherosclerosis, class Clostridia was 103 

positively correlated with plasma levels of IL-1³ and IFN-³ 17, while coproic acid, a gut 104 

bacteria3derived short-chain fatty acid (SCFA), was linked with decreased expression 105 

of IL-32 18. Mechanistically, the bacteria3cytokine association is potentially based on 106 
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bacterial components and products 9,19321. For example, heat-killed Escherichia coli 107 

induced higher production of IL-17 and IFN-³ in HIV-exposed mononuclear cells ex 108 

vivo 19. In addition, lipopolysaccharide (LPS), a Gram-negative bacterial cell wall 109 

component, induced a depletion of CD4+ cells by increasing expression of HIV 110 

coreceptor C-C chemokine receptor type 5 on CD4+ cells 20. In addition, butyrate, a 111 

product of saccharolytic fermentation of dietary fibers by gut microbiota, decreased gut 112 

T cell activation in an ex vivo human intestinal cell culture model 21. The 113 

downregulation of anti-inflammatory bacterial pathways, such as SCFA biosynthesis 114 

or indole production, also contributes to gut inflammation in long-term treated PLHIV 115 

9. 116 

The present study documents a detailed profile of gut microbial composition and 117 

function at both species- and strain-level using metagenomic sequencing. We then 118 

characterize the role of gut dysbiosis in relation to HIV clinical phenotypes and PBMC 119 

cytokine production capacity. Notably, the association between cytokine production 120 

capacity and gut microbiome has only been studied in healthy populations 22 and in a 121 

limited number of PLHIV 10. In addition, we control for sexual behavior3related factors 122 

in the association analysis. Finally, we identify two P. copri strains with different 123 

genetic repertoires that exhibit enrichment in PLHIV and HCs, respectively. One of 124 

these two P. copri strains showed associations with the PBMC production capacity of 125 

IL-10, IL-6 and TNF, as well as CD4+ T cell3level. 126 

 127 

Results 128 

 129 

Microbial dysbiosis in PLHIV 130 

Differences in microbial composition and function. The present study included 143 131 

PLHIV and 190 healthy individuals with matched age and sex from the Dutch 132 

Microbiome Project (DMP) cohort (hereafter referred to as matched healthy controls 133 

(HCs)). Participants9 baseline characteristics are shown in Supplementary Table 1. 134 

Included PLHIV were on long-term ART (median 6.35 years) and were virally 135 

suppressed (plasma HIV-RNA < 200 copies/mL). However, when compared to the 136 

matched HCs, the gut microbial composition of the PLHIV still showed a significant 137 

decrease in alpha diversity (species-level Shannon index, Wilcoxon rank-sum test, P = 138 

2.4x10-5, Fig. 1a) and a distinct composition that was reflected by a significant 139 

difference in beta diversity (PERMANOVA, P < 1.0x10-3, R2 = 0.07, Fig. 1b), even 140 

when adjusting for body mass index (BMI) and read counts. These observations are 141 

consistent with findings of previous studies 23325. With the aid of metagenomics data, 142 

we also observed that PLHIV showed a lower diversity of bacterial metabolic pathways 143 
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(pathway-level Shannon index, Wilcoxon rank-sum test P = 4.0x10-4, Supplementary 144 

Fig. 1) and different functional profiles (PERMANOVA, P < 1.0x10-3, R2 = 0.04, Fig. 145 

1c). To explore the bacterial taxa and pathways that showed significantly different 146 

abundance in PLHIV, we confined the differential abundance analysis to the 123 147 

common species and 331 metabolic pathways present in g 20% of samples in at least 148 

one cohort. A linear regression model with correction for read counts, BMI and 149 

smoking status revealed 76 (62.6%) species and 163 pathways (49.2%) with differential 150 

abundances between PLHIV and HCs (False Discovery Rate (FDR) < 0.05, 151 

Supplementary Tables 233). 152 

Differentially abundant species. 57 of the 76 differentially abundant species showed 153 

enrichment in PLHIV. Increased abundances of Prevotella and Prevotellaceae in 154 

PLHIV were widely observed by previous studies using 16S rRNA sequencing 8. Our 155 

metagenomics-based analysis further identified eight Prevotella species enriched in 156 

PLHIV (Supplementary Table 2). The most significant was Prevotella sp 885, which 157 

showed a 3.8-fold increase in relative abundance (Linear regression, P = 2.1x10-27), 158 

followed by Prevotella sp CAG 520 with an 8.0-fold increase (P = 5.4x10-24) and 159 

Prevotella sp CAG 1092 with a 4.2-fold increase (P = 3.4x10-23, Fig. 1d, Supplementary 160 

Fig. 2). Also consistent with other studies 10,26, we found an increase of 161 

Desulfovibrionaceae bacterium (P = 7.8x10-24) and Megasphaera elsdenii (P = 3.9x10-162 

23). Megasphaera species, as members of the vaginal microbiome, were associated with 163 

a higher risk of acquiring HIV in a prospective study of HIV-infected South African 164 

women 27. The abundances of 19 species were decreased in PLHIV, including species 165 

from the previously reported species Bacteroides and Alistipes 7,8: B. ovatus, B. 166 

uniformis, B. vulgatus, A. finegoldii and A. putredinis. We also identified several novel 167 

HIV-associated species, including Barnesiella intestinihominis, which was mostly 168 

depleted in PLHIV (P = 7.5x10-15). This bacterium was previously identified as an 169 

<oncomicrobiotic= due to its capacity to promote the infiltration of IFN-³-producing 170 

³·T cells in cancer lesions, which can ameliorate the efficacy of the anti-cancer 171 

immunomodulatory agent cyclophosphamide 28. 172 

Differentially abundant pathways. At metabolic pathway3level, we observed 173 

differential abundances in several amino acid biosynthesis pathways, including 174 

enriched L-tryptophan biosynthesis (PWY-6629) and depleted L-ornithine and L-175 

citrulline biosynthesis pathways (ARGININE-SYN4-PWY, CITRULBIO-PWY) in 176 

PLHIV (Supplementary Table 3). Importantly, tryptophan and citrulline both play 177 

critical roles in inflammation 29,30, while ornithine can later be turned into Nitric Oxide 178 

(NO), which is important for vascular function 31,32. In addition, the reductive 179 
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tricarboxylic acid (TCA) cycle I (P23-PWY) was enriched in PLHIV. The reductive 180 

TCA cycle is a carbon dioxide3fixation pathway significant for the production of 181 

organic molecules for the biosynthesis of sugars, lipids, amino acids and pyrimidines 182 

33. Moreover, PLHIV showed lower abundances of bacterial pathways involved in fatty 183 

acid, lipid and carbohydrate biosynthesis (Fig. 1e), suggesting a reduced capacity of the 184 

microbiome to digest certain nutritional elements. 185 

Dysbiosis index. Altogether, our data show dysbiosis in both gut microbial composition 186 

and metabolic function in PLHIV. Previous studies have suggested the Prevotella-to-187 

Bacteroides ratio (P/B ratio) as a landmark parameter for PLHIV 34,35, and our finding 188 

of a significantly higher P/B ratio in PLHIV compared to HCs confirms these 189 

observations (Dunn9s test, P = 9.4x10-13, Fig. 1f, Supplementary Table 4, 190 

Supplementary Fig. 3a). We also constructed a Dysbiosis Index (DI) based on the 191 

differentially abundant species by calculating the log2-ratio of the geometric mean of 192 

PLHIV-enriched species (57 species) to PLHIV-depleted species (19 species). This DI 193 

score was significantly higher in PLHIV than in HCs (P = 9.9x10-33, Fig. 1g, 194 

Supplementary Table 4). We then sought to validate the DI score in an independent 195 

cohort with similar metagenomic data and the same DNA isolation method. While no 196 

such data were available for an independent cohort of PLHIV, data was available for a 197 

separate healthy cohort: 500FG (500 Functional Genomics) (Supplementary Table 1). 198 

We found that the DI score of 500FG was not different from the DMP controls (P = 199 

0.29, Supplementary Fig. 3b), but was significantly lower than that of our cohort of 200 

PLHIV (P = 9.6x10-37). We also constructed a Function Imbalance (FI) score using the 201 

log2-ratio of the geometric mean of PLHIV-enriched bacterial pathways (87 pathways) 202 

to PLHIV-depleted bacterial pathways (76 pathways) (Fig. 1h). This FI score was also 203 

significantly higher in PLHIV than in DMP HCs (P = 1.1x10-32, Supplementary Table 204 

4, Supplementary Fig. 3c), and this was supported by the observation that the 500FG 205 

FI was also significantly lower than that of PLHIV (P = 6.7x10-18). 206 

 207 

Fig. 1. PLHIV show a distinct gut microbiome composition and function compared 208 

to HCs. 209 

a. Comparison of microbial alpha diversity between the PLHIV cohort and HCs from 210 

the DMP cohort. Y-axis refers to the Shannon index at the species level. b3c. Beta 211 

diversity based on Bray-Curtis distance of species and pathway abundance is shown in 212 

a principal coordinates analysis (PCoA) plot with centroids for PLHIV and HCs. The 213 

coordinates of the centroids are set as the mean value of the principal components for 214 

each cohort. d. Heatmap depicting the relative abundance of the top 30 species that 215 

differed significantly between PLHIV and HCs. Data is centered log-ratio (CLR)-216 
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transformed and then inverse-rank transformed to follow a normal distribution. 217 

Differentially abundant species were selected using a linear regression model with 218 

correction for BMI, read counts and smoking status. e. Network of bacterial pathways 219 

that were significantly different between PLHIV and HCs. Rectangular nodes represent 220 

super-pathways, with the colors showing enrichment (pink) or depletion (blue) in 221 

PLHIV. Circular nodes show sub-pathways belonging to the super-pathways. The color 222 

of circles shows the log2 value of fold change between the relative abundance of 223 

pathway in PLHIV and HCs, where a gradient is applied depending on foldchange. 224 

Circle size indicates p-value. Lines connect each pathway to its respective super-225 

pathway. Only super-pathways including two or more pathways and sub-pathways with 226 

FDR < 0.05 are shown. Differentially abundant pathways were selected using a linear 227 

regression model with correction for BMI, read counts and smoking status. f3h. Density 228 

curves of the P/B ratio, DI score and FI score for the three cohorts depicting the different 229 

distribution of these bacterial signatures in these cohorts. Significance was tested using 230 

Dunn9s test. 231 
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HIV-associated gut dysbiosis associates with clinical phenotypes 234 

We conducted a systematic association between HIV-related parameters and microbial 235 

alpha diversity, beta diversity, P/B ratio, DI score and FI score, correcting for sex, age 236 

and read counts (Supplementary Fig. 4 and 5, Supplementary Table 5). HIV clinical 237 

parameters were also taken into account, including the time between HIV diagnosis and 238 

inclusion in the study or cART initiation, CD4+ T cell counts (nadir and latest, recovery 239 

after cART), plasma viral loads and HIV-1 reservoir measurements in circulating CD4+ 240 

T cells, including CD4+ T cell3associated HIV-1 DNA (CA-HIV-DNA) and CD4+ T 241 

cell3associated HIV-1 RNA (CA-HIV-RNA) levels. Sexual behavior was also 242 

considered part of the HIV clinical phenotype, including the number of sexual partners 243 

in the previous year (Num-P) and sexual orientation (SO), e.g. MSM and men who have 244 

sex with women, including receptive anal intercourse (RAI). 245 

We did not observe any significant association between the Shannon index of bacterial 246 

species and any HIV clinical phenotypes (Supplementary Table 6). However, six 247 

parameters were associated with bacterial beta diversity, four with P/B ratio, three with 248 

DI score and four with FI score at FDR < 0.1 level (Fig. 2a, Supplementary Table 6). 249 

Notably, sexual behavior was among the strongest-associated factors. For example, SO 250 

was the top factor positively associated with the P/B ratio (Spearman correlation, P = 251 

5.7x10-12) and DI score (P = 6.4x10-12), followed by Num-P and RAI (Supplementary 252 

Table 6). Moreover, MSM and RAI, as well as larger Num-P, were associated with 253 

increased P/B ratio, DI and FI score. We also observed associations for other HIV 254 

clinical phenotypes, such as an association between beta diversity and the HIV reservoir 255 

parameters CA-HIV-DNA and CA-HIV-RNA levels (P = 6.0x10-3 and 8.0x10-3, 256 

respectively) and an association between P/B ratio and CD4 recovery relative rate (P = 257 

0.02). However, these associations were largely dependent on sexual behavior, as none 258 

remained significant after correcting for SO and Num-P (Supplementary Table 6, 259 

Supplementary Fig. 6). We further assessed whether HIV clinical parameters were 260 

associated with individual species and metabolic pathways. After correcting for age, 261 

sex, read counts and sexual behavior, no significant associations were detected for 262 

species or pathways, although we did observe suggestive associations for Firmicutes 263 

bacterium CAG 95 and Prevotella sp CAG 5226 with HIV reservoir measurements at a 264 

normal significance level (Fig. 2b3d, Supplementary Table 7). At metabolic pathway 265 

level, HIV duration and cART duration tended to be the strongest factors besides sexual 266 

behavior factors linked with metabolic pathways (Supplementary Table 8). For 267 

example, the pathways of stearate, octanoyl and oleate biosynthesis showed positive 268 

correlation with HIV duration, while the top result for cART duration was a negative 269 

association with the polyamine biosynthesis pathway (Supplementary Table 8). 270 
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 271 

Fig. 2. Association between HIV-associated gut dysbiosis and HIV-related 272 

phenotypes. 273 

a. Heatmap depicting the associations between HIV-associated bacterial signature 274 

(Shannon index, beta diversity, P/B ratio, DI and FI score) and HIV-related phenotypes, 275 

using the Spearman correlation test, with HIV-related phenotypes corrected for age, sex 276 

and read counts. Box color indicates Spearman correlation rho. A white box indicates 277 

P > 0.05. R2 is calculated using PERMANOVA based on Bray-Curtis distance of 278 

species and then multiplied by ten to rescale. b3d. Associations between individual 279 

species and HIV reservoir level, with the HIV reservoir level corrected for age, sex and 280 

read counts and sexual behavior. 281 

 282 

 283 
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Prevotella copri and Bacteroides vulgatus associate with cytokine production 284 

capacity 285 

Despite long-term cART, the immune responses of PLHIV are known to be different 286 

than those of healthy controls 36. In a previous study from our group 1, PBMCs of 287 

PLHIV and healthy controls were stimulated ex vivo with 12 different microbial stimuli 288 

and the cytokine production capacity assessed, including monocyte-derived (IL-1³, IL-289 

6 and TNF), lymphocyte-derived proinflammatory cytokines (IL-17, IL-22 and IFN-³) 290 

and anti-inflammatory cytokines (IL-10 and IL-1 receptor antagonist, IL-1Ra) 291 

(Supplementary Table 9). This identified a significant increase in the production of 292 

proinflammatory cytokines (e.g. IL-1³ and IL-6 and TNF) in PLHIV.1 By comparing 293 

the cytokine production data of our HIV cohort to 173 samples from the 500FG cohort 294 

(different samples from our previous studies 1,36), we identified 24 cytokine abundances 295 

that were significantly different (Fig. 3a, Supplementary Table 10). PLHIV showed a 296 

significant increase of IL-1³, IL-6 and TNF production upon stimulation with Pam3Cys 297 

(TLR2 ligand), LPS (TLR4 ligand) and C. albicans hyphae, but decreased IFN-³ 298 

production upon stimulation with S. aureus and C. albicans hyphae. Differing cytokine 299 

production capacities were also related to some HIV clinical phenotypes. MSM status 300 

was associated with increased proinflammatory cytokine responses (e.g. Pam3Cys-301 

induced TNF and S. aureus-induced IL-22 production), whereas higher Num-P was 302 

linked with decreased anti-inflammatory cytokine responses (e.g. Pam3Cys and LPS-303 

induced IL-10 production, Supplementary Fig. 7, Supplementary Table 11). 304 

Interestingly, we observed significant associations of cytokine production capacity with 305 

microbial alpha and beta diversity and P/B ratio, as well as four associations with DI, 306 

FI score and individual species (Supplementary Tables 12 and 13). No associations 307 

were observed with metabolic pathway abundance (Supplementary Table 14). In 308 

particular, IL-10 production upon stimulation with Pam3Cys or LPS was negatively 309 

associated with P/B ratio and FI score but positively associated with bacterial Shannon 310 

index (Linear regression, P < 0.05, Fig. 3b, Supplementary Table 12), after correction 311 

for age, sex and sexual behavior. At individual species3level, the top association was 312 

between Pam3Cys-induced IL-10 production and the relative abundance of P. copri 313 

(rho = -0.37, P = 9.1x10-6, Supplementary Table 13), after correcting for age, sex and 314 

read counts. After further adjustment for SO and Num-P, the association between 315 

P. copri and IL-10 production remained significant (rho = -0.34, P = 1.9x10-4, Fig. 3c, 316 

Supplementary Table 13). In addition, we also detected a positive significant 317 

association between B. vulgatus and Pam3Cys-induced IL-1³ production (rho = 0.33, 318 

P = 7.4x10-5), and this remained significant after controlling for age, sex, read counts 319 

and sexual behavior (rho = 0.32, P = 3.7x10-4, Fig. 3d). Strikingly, this association was 320 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 22, 2022. ; https://doi.org/10.1101/2022.04.21.489050doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.21.489050
http://creativecommons.org/licenses/by-nc-nd/4.0/


not significant in 500FG (rho = -7.8x10-3, P = 0.93, Fig. 3e), showing a significant 321 

heterogeneity effect (Cochran-Q test, P = 0.003, Supplementary Table 13). 322 

 323 

Fig. 3. Association between gut microbiome and inflammatory cytokine 324 

production. 325 

a. Heatmap showing ex vivo cytokine production enriched (red) and depleted (blue) in 326 

PLHIV as compared with HCs from 500FG. A linear regression model (age and sex 327 

included as covariates) was used to calculate the P values. Box color indicates the 328 

Spearman correlation rho. White box indicates P > 0.05. Gray box indicates no 329 

measurement. b. Heatmap showing Spearman correlation rho between cytokine 330 

production and HIV-associated bacterial signature (Shannon index, beta diversity, P/B 331 

ratio, DI and FI scores), with cytokine production corrected for age, sex, read counts 332 

and sexual behavior. White box indicates P > 0.05. c3d. Association between relative 333 

abundance of species and cytokine production in PLHIV: (c) Prevotella copri with 334 

Pam3Cys-induced IL-10 production and (d) Bacteroides vulgatus with Pam3Cys-335 

induced IL-1³ production. The relative abundance of the species is CLR- and inverse-336 

rank transformed. Cytokine production is corrected for age, sex, read counts and sexual 337 

behavior. e. Association between relative abundance of Bacteroides vulgatus and 338 

Pam3Cys-induced IL-1³ production in HCs from 500FG. 339 

 340 

  341 
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Prevotella copri strains in PLHIV are genetically different 342 

In microbial species, strain-level genomic makeup is critical in determining their 343 

functional properties within human bodies 37. We therefore wondered whether PLHIV 344 

harbor different strains of P. copri and B. vulgatus, thereby affecting cytokine 345 

production capacity. To examine this, we performed an analysis based on the presence 346 

or absence of their gene repertoire using PanPhlan3 38. As B. vulgatus did not show any 347 

distinct clusters according to genetic content, we did not study it further. We generated 348 

P. copri genetic repertoire profiles for 254 samples from the PLHIV cohort (n = 102), 349 

DMP cohort (n = 83) and 500FG cohort (n = 69). Hierarchical clustering analysis based 350 

on the Jaccard distance of presence or absence of gene families revealed three distinct 351 

clusters at a distance cutoff of 0.4 (Fig. 4a). Cluster 1 was relatively small (n = 13) and 352 

was therefore excluded in the following analysis. In contrast, clusters 2 and 3 were 353 

larger (n = 137 and 104, respectively). Interestingly, cluster 2 was significantly enriched 354 

in healthy individuals and cluster 3 was enriched in PLHIV (Fisher exact test, P = 355 

3.2x10-25, Supplementary Table 15), suggesting that the P. copri strains are genetically 356 

different in PLHIV compared to healthy individuals. We hereafter refer to these P. copri 357 

strains as the <control-related strain= and <HIV-related strains=. In particular, the HIV-358 

related strain was enriched in MSM of the PLHIV cohort but did not show enrichment 359 

in PLHIV with RAI as a sexual behavior (Fisher exact test, P = 0.01 and 0.17, 360 

respectively, Supplementary Table 15). 361 

When comparing the gene profiles of the two strains, 2,629 out of 4,260 gene families 362 

were differentially abundant after correcting for age, sex and read counts (Logistic 363 

regression, P < 0.05, FDR < 0.05, Fig. 4a, Supplementary Table 16). We then conducted 364 

Gene Ontology (GO) enrichment analysis based on these differential gene families. 365 

Two GOs showed enrichment in the HIV-related strain (hypergeometric test, P < 0.05, 366 

FDR < 0.05, Fig. 4b, Supplementary Table 17): the molecular function of DNA binding 367 

(GO:0003677) and the biological process of DNA integration (GO:0015074). In 368 

contrast, no GOs showed enrichment in the control-related strain (Supplementary Table 369 

18). 370 

  371 
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Fig. 4. Prevotella copri strains with different genetic content. 372 

a. Heatmap showing the gene family profiles of P. copri strains in samples from the 373 

three cohorts (254 samples total: 102 PLHIV, 83 DMP and 69 500FG). Each column 374 

represents a sample. Each row represents the presence of absence of a gene family. The 375 

clustered tree above the heatmap shows the three clusters of P. copri strains. Most 376 

samples from PLHIV were binned together into the HIV-related strain (right), but 16 377 

samples (middle) showed different profiles and were binned into the HC-related strain. 378 

b. Network figure showing the two GOs enriched in the HIV-related strain. Pink dots 379 

represent different gene families. Yellow dots represent GOs. Lines indicate that the 380 

gene families are annotated to the corresponding GO. 381 

 382 
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Prevotella copri strains exhibit distinct immune impacts between PLHIV and 383 

HCs 384 

As shown above, the control-related strain and HIV-related strain exhibited distinct 385 

genetic content. Likewise, these two strains also showed different associations with 386 

cytokine production, and importantly, these associations tended to be influenced by 387 

host immune state. The control-related strain showed negative associations with IL-10, 388 

IL-6 and TNF production in PLHIV, after correcting for age, sex, read counts and 389 

sexual behavior (Linear regression, beta100ngLPS-induced IL-10 = -4.7, betaPam3Cys-induced IL-6 = 390 

-5.1, beta100ngLPS-induced IL-6 = -4.6, betaNo stimulation TNF = -3.2; P100ngLPS-induced IL-10 = 4.0x10-391 

4, PPam3Cys-induced IL-6 = 7.0x10-3, P100ngLPS-induced IL-6 = 7.2x10-3, PNo stimulation TNF = 1.7x10-2, 392 

Fig. 5a3d, Supplementary Table 19). However, in the 500FG cohort, the control-related 393 

strain showed less strong and even opposite associations with cytokine production 394 

(Linear regression, betaPam3Cys-induced IL-6 = 1.4, beta100ngLPS-induced IL-6= 0.69, betaNo 395 

stimulation TNF = 0.46; PPam3Cys-induced IL-6 = 3.1x10-3, P100ngLPS-induced IL-6 = 0.12, PNo stimulation 396 

TNF = 0.17, Supplementary Fig. 8, Supplementary Table 20). By contrast, no significant 397 

association was found for the HIV-related strain in PLHIV and HCs (Supplementary 398 

Tables 19 and 20). In summary, we observed a heterogeneity effect in the cytokine 399 

association with the control-related and HIV-related strain in PLHIV (Cochran-Q test, 400 

Supplementary Table 19), as well as a heterogeneity effect in the cytokine association 401 

with the control-related strain between PLHIV and HCs (Supplementary Table 21). 402 

We also checked the association between P. copri strains and HIV-related parameters. 403 

The control-related strain showed positive association with CD4+ T cell counts (CD4 404 

counts) and CD4+ T cell absolute recovery level after cART (CD4-recovery-abs) 405 

(betaCD4 counts = 3.2, betaCD4-recovery-abs = 3.5, PCD4 counts = 1.6x10-3, PCD4-recovery-abs= 5.1x10-406 

3, Fig. 5e-f, Supplementary Table 22). These strain3CD4 associations also showed 407 

heterogeneity between the control- and HIV-related strains (P = 1.9x10-3 and 3.0x10-3, 408 

respectively, Supplementary Table 22). 409 

To explore the potential mechanism behind the distinct immune functions of the two P. 410 

copri strains, we searched the Immune Epitope Database and Analysis Resource (IEDB) 411 

and found five epitope peptides derived from different P. copri proteins 412 

(Supplementary Table 23). These peptides can be presented by antigen-presenting cells 413 

and induce IFN-³ production by T cells and antibody secretion by B cells. We then 414 

compared the abundances of these five peptides between the two P. copri strains from 415 

PLHIV and 500FG cohort (methods).  Interestingly, only one peptide from P. copri, 416 

glutamate 5-kinase protein, was found to be significantly enriched in the samples with 417 

the control-related strain as compared with the samples with the HIV-related strain 418 
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(Linear regression, P = 6.1x10-5, Fig. 5g-h, Supplementary Table 24), suggesting that it 419 

is potentially contributing to the immune function of the control-related strain. 420 

 421 

Fig. 5. Prevotella copri strains with different immune functions. a3d. Distinct 422 

associations between relative abundance of control-related strain and HIV-related strain 423 

with IL-10, IL-6 and TNF production capacity in PLHIV, using linear regression. 424 

Cytokine production is corrected for age, sex, read counts and sexual behavior. Blue 425 

dots represent the PLHIV with the control-related strain. Dark pink indicates PLHIV 426 

with the HIV-related strain. e3f. Distinct associations between relative abundance of 427 

control-related strain and HIV-related strain with CD4 counts (e) and CD4-recovery-428 

abs level (f). g3h. Violin plot (g) and density distribution plot (h) of the P. copri epitope 429 

peptide (from Glutamate 5 kinase) level between the two kinds of strains in PLHIV and 430 

HCs from the 500FG cohort. Linear regression was used to test significance, controlling 431 

for age, sex and read counts. 432 

 433 

434 
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Discussion 435 

 436 

We investigated the role of the gut microbiome in functional immune responses during 437 

HIV infection using metagenomic sequencing and the cytokine responses of PBMCs 438 

upon stimulation, which can profile bacterial composition and functionality and exhibit 439 

the functional changes in immunity1. Consistent with the literature, we observed a lower 440 

alpha diversity and higher P/B ratio in PLHIV, as well as a depletion of Alistipes species 441 

7,8. In contrast to previous studies, we found some SCFA-producing species and 442 

beneficial species to be enriched in PLHIV in our study, including Acidaminococcus 443 

fermentans 39 and Faecalibacterium prausnitzii 40, as well as the equol-forming species 444 

Slackia isoflavoniconvertens 41 and the anti-tumorigenic species 445 

Holdemanella biformis 42. This inconsistency may be due to the fact that the PLHIV in 446 

our cohort had a longer duration of ART intake (median years = 6.4) compared to 447 

previous studies, which is supported by earlier evidence that ART can partially restore 448 

the gut microbial composition 10. Functionally, PLHIV in our study showed increased 449 

microbial capacity of L-tryptophan biosynthesis and decreased de novo biosynthesis of 450 

ornithine from 2-oxoglutarate, functions that have been related to inflammation and 451 

vascular function 29,32, respectively. This observation supports the idea that those 452 

functional changes in the gut microbiome in PLHIV using ART contribute to the 453 

persistent inflammation seen in these individuals. 454 

Infected long-lived memory CD4+ T cells make up the majority of cell types 455 

constituting the HIV reservoir 43. To the best of our knowledge, no other studies have 456 

ever reported associations between the microbiome and the HIV reservoir. We analyzed 457 

HIV-1 DNA and RNA levels in isolated circulating CD4+ T cells, which reflect the size 458 

of the HIV reservoir 44. We found that Firmicutes bacterium CAG 95 negatively 459 

correlated with CA-HIV-DNA levels and that the relation between R. lactatiformans 460 

and CA-HIV-RNA level was positive, while Prevotella species showed negative 461 

associations with CA-HIV-DNA and CA-HIV-RNA. How these bacterial species 462 

modulate the HIV reservoir remains speculative. R. lactatiformans has been linked with 463 

increased colonic IFN-³+ T cells and immune activation 45, while a decreased 464 

abundance of Firmicutes bacterium CAG 95 was found in subjects with hepatic 465 

steatosis 46. A previous study identified several immunogenic HLA3DR-presented P. 466 

copri peptides with the ability to induce T cells to produce the anti-viral cytokine IFN-467 

³ 47,48. In our study, the P. copri healthy control-related strain was associated with 468 

decreased levels of IL-6 and TNF production, both of which can facilitate HIV-1 469 

replication 49. 470 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 22, 2022. ; https://doi.org/10.1101/2022.04.21.489050doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.21.489050
http://creativecommons.org/licenses/by-nc-nd/4.0/


We also investigated the role of HIV-associated gut dysbiosis in cytokine production 471 

capacity. HIV viral proteins can induce production of IL-10 by immune cells 5, which 472 

can be significantly reduced upon effective ART 50. A previous study isolated PBMCs 473 

from six untreated chronic infected PLHIV and six HCs and then cultured the PBMCs 474 

with bacterial lysates from type strains, with the PLHIV showing elevated levels of IL-475 

10 in response to P. copri in comparison with HCs 10. In contrast, the PLHIV in our 476 

study received long-term ART, possibly resulting in a heterogeneous P. copri 477 

population that was negatively associated with IL-10 production capacity in the host. 478 

In addition to IL-10, HIV infection also induces priming of the monocyte IL-1³ 479 

pathway in long-term treated PLHIV 1. Furthermore, our observations suggest that B. 480 

vulgatus was differentially associated with Pam3Cys-induced IL-1³ production 481 

between PLHIV and HCs. 482 

P. copri is not a monospecific taxonomic group and has many distinct clades with 483 

different immune functions 51. We therefore further investigated whether distinct P. 484 

copri strains were associated with different cytokine production and identified two P. 485 

copri strains: an HIV-related strain that showed enrichment in PLHIV and a control-486 

related strain that was enriched in HCs. Only the control-related strain showed a 487 

negative association with IL-10, IL-6 and TNF production capacity, with no association 488 

found with the HIV-related strain. However, even when virologically suppressed, long-489 

term treated PLHIV have significantly higher production levels of IL-10, IL-6 and TNF 490 

compared to HCs 1, which contributes to the chronic inflammation, HIV replication and 491 

disease progression in PLHIV 49,50,52, suggesting that the control-related strain plays a 492 

potentially protective role. The control-related strain consistently showed a positive 493 

association with CD4 counts and CD4-recovery-abs, which also supports this strain9s 494 

beneficial role in chronic inflammation. A large proportion of PLHIV seem to have lost 495 

this control-related P. copri strain, possibly leading to higher levels of IL-10, IL-6 and 496 

TNF production. Furthermore, the negative association between the control-related 497 

strain and cytokine production was observed in PLHIV, suggesting the altered immune 498 

system of long-term treated PLHIV may contribute to the strain3cytokine association. 499 

Mechanistically, five kinds of P. copri peptides have been found to induce IFN-³ 500 

production by T cells 47, with one peptide showing enrichment in the control-related 501 

strain that may contribute to its immune function. 502 

A limitation of this study is potential batch effects among the different cohorts due to 503 

non-biological factors such as technical differences. We also did not have an 504 

independent cohort of PLHIV to validate our findings, but we could replicate the DI 505 

and FI scores in the 500FG cohort (built in the same medical center as the PLHIV 506 
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cohort). Additionally, data on sexual behavior was only available for PLHIV and not 507 

for HCs. Most of the PLHIV were MSM, so our conclusions may not be generalizable 508 

to all PLHIV. To accurately indicate the effects on the gut microbiome of HIV itself vs. 509 

sexual practice, it is best to select HCs that consist of mainly MSM. Finally, no IL-10 510 

production data were available from HCs, making it hard to compare the changes in IL-511 

10 production capacity between PLHIV and HCs. 512 

In conclusion, we observed differential microbial composition and function on species- 513 

and strain-level in long-term treated PLHIV. This HIV-associated bacterial signature 514 

was linked with HIV reservoir parameters and with PBMC production capacity of IL-515 

1³ and IL-10. A large fraction of the PLHIV have lost the control-related P. copri strain 516 

that was associated with IL-10, IL-6 and TNF production capacity and with CD4 counts 517 

and CD4-recovery-abs. The loss of this control-related strain may contribute to a higher 518 

level of IL-10, IL-6 and TNF production in PLHIV and to later immune activation and 519 

dysfunction. Our observation has provided deeper insight into the critical role of the 520 

gut microbiome during HIV infection. In the near future, the P. copri strain may be 521 

used as part of treatment for chronic inflammation, particularly cytokine imbalance. 522 
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Materials and methods 523 

 524 

Study cohorts 525 

The HIV cohort used in this study was described in our previous study 1 in which we 526 

recruited 211 PLHIV from the HIV clinic of the Radboud University Medical Center 527 

between December 2015 and February 2017. All participants were Caucasian 528 

individuals from the Netherlands. Study participants self-collected stool at their homes 529 

no more than 24h prior to study visits and stored the specimens in a refrigerator until 530 

being brought in for their visits. For this study, 143 metagenomic sequencing samples 531 

were available. Participants were excluded if they reported any antibiotics usage in the 532 

3 months prior to fecal sample collection. One fecal sample was analyzed per individual. 533 

We included 190 age- and sex-matched HCs from the DMP cohort as the control group 534 

53. To replicate our findings in independent cohort, we also included 173 sex-matched 535 

HCs form 500FG cohort 22. 536 

 537 

Metagenomic data generation and profiling 538 

The same protocol for fecal DNA isolation and metagenomic sequencing was used for 539 

both HIV samples and heathy control samples. Fecal DNA isolation was performed 540 

using the QIAamp Fast DNA Stool Mini Kit (Qiagen; cat. 51604). Fecal DNA was sent 541 

to Novogene to conduct library preparation and perform whole-genome shotgun 542 

sequencing on the Illumina HiSeq platform. Low quality reads and reads belonging to 543 

human genome were removed by mapping the data to the human reference genome 544 

(version HCBI37) using KneadData (v0.7.4). After filtering, the average read depth was 545 

26.8 million for 143 HIV samples, 23.1 million for 190 DMP samples and 25.1 million 546 

for 173 500FG samples. Microbial taxonomic and functional profiles were determined 547 

using Metaphlan3 (v3.0.7) 38 and HUMAnN3 (v3.0.0.alpha.3) 38. The reads identified 548 

by MetaPhlAn3 are mapped to species-specific pangenomes with UniRef90 549 

annotations, and the MetaPhlAn3-unclassified reads are translated and aligned to a 550 

protein database. Bacteria/pathways present in < 20% of the samples from one cohort 551 

were discarded.  552 

 553 

Strain profiles and analysis 554 

We used Pangenome-based Phylogenomic Analysis3 (PanPhlAn3) 38 to identify the 555 

gene composition at the strain level. A total of 4,971 gene families from the P. copri 556 

pangenome were detected across 254 samples from the three cohorts. After filtering out 557 

the gene families that appeared in < 20% of all samples, 4260 gene families were 558 

studied in the subsequent analysis. A Jaccard distance matrix was built according to the 559 
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presence/absence pattern of gene families. The strain cluster tree was constructed using 560 

the R basic function hclust with the hierarchical clustering method <complete=. Three 561 

strain clusters were defined at a tree height of 0.4. Visualizations were generated using 562 

the dendextend R package. Differentially abundant gene families were obtained using 563 

a logistic regression model, controlling for sex, age and read counts. The subsequent 564 

GO enrichment analysis was conducted using the clusterProfiler R package (v. 3.18.1) 565 

(P. copri GO annotation from PhanPhlan3), where the p.value for enrichment can be 566 

calculated by hypergeometric distribution. In the association analysis between cytokine 567 

production and HIV-related parameters and the two P. copri strains, we used linear 568 

regression, controlling for age, sex, read counts and sexual behavior, and using FDR < 569 

0.1 as the significant threshold. We identified five P. copri peptides with immune 570 

function in IEDB 54 (Supplementary Table 23) and checked their abundance across the 571 

two strains in PLHIV and HCs using ShortBRED 55 using linear regression and 572 

controlling for age, sex and read counts. 573 

 574 

Microbial compositional and differential abundance analysis 575 

The relative abundance data obtained from MetaPhlan3 was used to calculate bacterial 576 

diversity using the vegan R package (v. 2.5-7). Alpha diversity was calculated using 577 

the diversity function. The Bray-Curtis distance n-by-n matrix was built using the 578 

vegdist function, and then the PERMANOVA statistical test was applied on the matrix. 579 

We used the PCoA method to visualize the dissimilarities of beta diversity between 580 

different cohorts. To obtain the differentially abundant bacterial species and pathways 581 

between PLHIV and HCs, we first transformed the relative abundance data using CLR-582 

transformation, as described before 53. Bacteria/pathways present in < 20% samples in 583 

at least one cohort were then discarded, and the remaining data were inverse-rank-584 

transformed to follow a normal distribution. A linear regression model was then fitted, 585 

controlling for BMI, smoking status and read counts. Benjamini-Hochberg correction 586 

was used to correct for multiple hypothesis testing (using FDR < 0.05 as the 587 

significance threshold). DI and FI scores were calculated as the log2 ratio between 588 

geometric means of relative abundances of species/pathways that were enriched in 589 

PLHIV (linear regression FDR < 0.05 and HIV cohort beta > 0 in PLHIV vs. HCs) and 590 

depleted in PLHIV (linear regression FDR < 0.05 and HIV cohort beta <0 in PLHIV 591 

vs. HCs). DI and FI scores for HCs from the 500FG cohort were calculated using the 592 

same species/pathways from the comparison between the HIV and DMP cohorts. 593 

 594 

Measurement and analysis of ex vivo PBMC cytokine production 595 
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The detailed methods of ex vivo PBMC stimulation and cytokines measurements have 596 

been described before.1 In short, density centrifugation was performed on freshly 597 

collected venous blood to obtain the isolation of PBMCs. The freshly isolated cells 598 

were then incubated with different bacterial, fungal and viral stimuli at 37°C and 5% 599 

CO2 for either 24 hours or 7 days. IL-1³, IL-6, IL-1Ra, IL-10 and TNF were determined 600 

in the supernatants of the 24-hour PBMC or monocyte stimulation experiments using 601 

ELISAs. IL-17, IL-22 and IFN-³ were measured after the 7-day stimulation of PBMCs. 602 

Cytokine production data for the 500FG cohort was obtained using the same method, 603 

and the measurements that overlapped with those in the HIV cohort are summarized in 604 

the Supplementary Table 9. For the comparison of cytokine production between PLHIV 605 

and HCs from 500FG, we used different samples compared with the previous studies 606 

1,36, so we conducted a re-analysis. A linear regression model was used, with correction 607 

for sex and age, using FDR < 0.05 as the significant threshold. Differentially abundant 608 

cytokine production and eight kinds of anti-inflammatory cytokine production (IL-10 609 

and IL-1Ra) were included in the subsequent analysis. 610 

 611 

Microbial associations to HIV-related phenotypes and cytokine production 612 

capacity 613 

For association analysis between gut microbiome and HIV-related phenotypes and 614 

cytokine production capacity, we included bacterial alpha diversity (Shannon index), 615 

beta diversity, P/B ratio, DI and FI score, as well as 76 species and 163 pathways that 616 

were significantly different between PLHIV and HCs from DMP cohort. Before 617 

Spearman correlation analysis, we first inverse-rank-transformed the data to follow a 618 

standard normal distribution, then adjusted all phenotypes for confounding factors (age, 619 

sex and read counts), and additionally adjusted for SO and Num-P, with FDR < 0.1 as 620 

the significant threshold. 621 

 622 

Supplemental information 623 

Supplemental materials are available. 624 
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