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Figure S1.  Number of participants for omics measurements. 
 

   



Figure S2.  Microbial community level assessment 
(A). α-diversity analyses by carotid artery plaque status.   (all P > .05) 
(B). Principal coordinates analysis (PCoA) of β-diversity using weighted UniFrac distances.     
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Figure S3. Comparison of Amplicon 16S rRNA Sequencing and Shotgun 
metagenomics Sequencing : plaque-associated bacterial genera. 
Data are odds ratios (ORs) and 95% confidence intervals (CIs), adjusted for age, race, study site, 
antibiotics use, income, education, BMI, alcohol, smoking status, HIV status and ART use. 

  



Figure S4.    Spearman correlations between plaque-associated bacterial species  
and traditional CVD risk factors. *P < .05 

Abbreviations: BMI, body mass index; SBP, Systolic blood pressure; DBP, Diastolic blood pressure;HDL, 
high-density lipoprotein; LDL, low-density lipoprotein; HbA1C, hemoglobin A1c. 

 

  



Figure S5. Average relative abundance of plaque-associated species by viral 
suppression, among women on ART.  
Aviremic, undetectable HIV-1 viral load ≤20 copies/mL; Viremic, detectable HIV-1 viral 
load >20 copies/mL. 
 

  



Figure S6. Differentially abundant species according to Carotid Artery Plaque 
status, stratified by HIV infection.  
Taxonomic Linear discriminative analysis (LDA) effect size (LefSe) analysis by Carotid Artery Plaque 
status, stratified by HIV infection. (A) HIV positive samples (n=216); (B) HIV negative samples (n=104).     
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Figure S7. Correlations between plaque-associated bacterial species and  plasma 
metabolites (FDR < 0.1) 
(A) polar metabolites  
(B) lipids 

 

A 

 

 

 

 

 

 

 

B 

 

   



Figure S8. Associations between microbial species and plaque status, adjusted 
for metabolomic profiles.  
Data are odds ratios (ORs) and 95% confidence intervals (CIs) for carotid artery plaque per standard 
deviation increment of CLR transformed abundance of gut bacterial species, adjusted for age, race, study 
site, antibiotics use, income, education, BMI, alcohol, smoking status, HIV status and ART use (model 1); 
further adjusted for 3-hydroxyhippuric acid (model 2). 
  



 
Table S1.  Characteristics of study participants 

 
  Carotid artery 

plaque - 
Carotid artery 
Plaque + P value 

Number of participants n=236 n=84  

Age, y, median(IQR) 51(46-56)  57 (53-62) <0.001 
BMI, median(IQR) 30.7 (26.1-36.4) 28.7 (25.4-33.87) 0.22 
Race,  (%)  

 0.51 
African-American 61.5 67.9  
White 3.8 2.4  
Hispanic/Other 34.7 29.7  

Annual Income < $12,000,  (%) 62.8 61.9 0.94 
Education less than high school,  (%) 46.6 42.9 0.59 
Smoking status ,  (%)   0.03 

Never smoker 23.5 14.3  
Current smoker 44.0 38.1  
Former smoker 32.5 47.6  

Antibiotic use,  (%) 6.4 3.6 0.33 
Systolic blood pressure, mmHg  126 (113 -141) 131 (118 -145) 0.06 
Diastolic blood pressure,mmHg  77 (68-84) 78 (72-87) 0.08 
Triglycerides, mg/dL 104 (76-146） 105 (77-162) 0.22 
Total cholesterol, mg/dL  187 (161-213) 193 (160-215) 0.76 
HDL cholesterol, mg/dL 56 (46-68) 57 (47-72) 0.22 
LDL cholesterol, mg/dL  103 (82-126) 100 (82-128) 0.67 
Glucose, mg/dL 84 (70-90) 84 (73-92) 0.68 
HbA1C , (%) 5.5 (5.2-5.8) 5.5 (5.2-6.1) 0.48 
Anti-hypertensive medication, (%) 39.6 55.8 0.02 
Anti-cholesterol medication, (%) 20.3 28.6 0.14 

    
HIV-specific characteristics    
HIV positive, (%) 64.5 67.9 0.76 
Detectable HIV-1 viral load, among HIV+, (%) 27.1 23.7 0.61 
Low CD4 Count,  among HIV+,(%) 34.3 23.7 0.29 
ART use, among HIV+, (%) 91.6 93.2 0.48 

 
 
Data are presented as count (%) for categorical variables or median (IQR) for continuous 
variables unless otherwise noted. 
Abbreviations: ART, antiretroviral therapy; HDL, high-density lipoprotein; HbA1C, hemoglobin 
A1c; HIV, human immunodeficiency virus; IQR, interquartile range; LDL, low-density 
lipoprotein.  

Antibiotic use based on self-reported medication records at the time of closest core visit. 



Table S2.  Characteristics of women on ART , by viral load 
 

  Detectable  
HIV-1 viral load  

Non-Detectable 
HIV-1 viral load P value 

Number of participants n=47 n=152  

Age, y, median (IQR) 53(48-58)  51 (49-55) 0.950 
BMI, median (IQR) 28.1 (24.8-34.2) 31.2 (26.2-36.4) 0.015 
Race, (%)  

 0.867 
African American 68.1 61.3  
White 2.1 3.3  
Hispanic/Other 29.8 35.4  

Annual Income < $12,000, (%) 58.0 59.9 0.460 
Education less than high school, (%) 44.7 48.6 0.574 
Smoking status, (%)   0.187 

Never smoker 17.0 27.3  
Current smoker 48.9 35.3  
Former smoker 34.0 37.3  

Antibiotic use, (%) 6.4 5.0  
Systolic blood pressure, mmHg  126(113 -138) 122 (115 -138) 0.658 
Diastolic blood pressure, mmHg  78 (71-86) 76 (70-84) 0.940 
Triglycerides, mg/dL 117 (88-158） 101 (67-141) 0.242 
Total cholesterol, mg/dL  182 (142-218) 185 (154-214) 0.775 
HDL cholesterol, mg/dL 51 (42-64) 56 (43-69) 0.327 
LDL cholesterol, mg/dL  98 (71-140) 101 (75-125) 0.555 
Glucose, mg/dL 89 (84-98) 89 (83-97) 0.546 
HbA1C 5.6 (5.2-6.1) 5.6 (5.3-6.1) 0.401 
Anti-hypertensive medication, (%) 36.2 40.7 0.854 
Anti-cholesterol medication, (%) 10.6 22.0 0.227 
       

 
 
Data are presented as count (%) for categorical variables or mean (SD) for continuous variables 
unless otherwise noted. 
Abbreviations: ART, antiretroviral therapy; HDL, high-density lipoprotein; HbA1C, hemoglobin 
A1c; HIV, human immunodeficiency virus; IQR, interquartile range; LDL, low-density 
lipoprotein.  

Antibiotic use based on self-reported medication records at the time of closest core visit. 
  



Table S3. Associations of gut microbial species with HIV status (n= 320) 
 

 
Adjusted for age, race, study site, antibiotics use, income, education, BMI, alcohol, and smoking 
status. 

 

  



 

Table S4. Associations of gut microbial species with HIV-specific  variables,  
among women with HIV  (n= 216) 

 

 

Adjusted for age, race, study site, antibiotics use, income, education, BMI, alcohol, and smoking status. 

High CD4 counts, ≥500 cells/mm3;  low CD4 counts ,<500 cells/mm3. 

Undetectable HIV viral load, ≤20 copies/mL; detectable HIV viral load, >20 copies/mL.  



Table S5. Associations of gut microbial species with Viral load,  among women on 
ART (n=199) 

 

 
Adjusted for age, race, study site, antibiotics use, income, education, BMI, alcohol, and smoking 
status.  



Table S6. Associations of bacterial species with Plaque status, stratified by HIV 
status 
 

 
Plaque   Plaque    

  HIV + (n= 216)  HIV -  (n=104) 
P  for 

interaction species OR 95CIlow 95CIup P 

 

OR 95CIlow 95CIup P 

Roseburia_inulinivorans 0.67 0.52 0.87 0.003  0.67 0.45 0.98 0.040 0.836 
Collinsella_aerofaciens 0.80 0.69 0.94 0.006  0.93 0.72 1.21 0.606 0.315 
Fusobacterium_nucleatum 1.32 1.07 1.64 0.010  1.48 0.95 2.29 0.084 0.359 
Odoribacter_splanchnicus 0.75 0.60 0.94 0.013  0.97 0.71 1.32 0.834 0.333 
Fournierella_massiliensis 0.59 0.37 0.93 0.023  0.82 0.41 1.65 0.581 0.372 
Roseburia_hominis 0.70 0.51 0.97 0.034  0.92 0.54 1.56 0.747 0.336 
Clostridium_saccharolyticum 0.75 0.57 0.99 0.043  0.69 0.49 0.96 0.027 0.837 
Johnsonella_ignava 0.74 0.55 1.01 0.061   0.98 0.60 1.60 0.942 0.382 

 

Adjusted for age, race, study site, antibiotics use, income, education, BMI, alcohol, and smoking 
status.  

  



 

Table S7.  GMB functional enzymes and carotid artery plaque: enrichment test 

 
* FDR <0.10  



Table S8. Associations of proteomic inflammatory markers PLSDA PCs with 
plaque status, stratified by HIV status  

 

  
Adjusted for age, race, study site, income, education, BMI, alcohol, and smoking status; (and 
HIV status in non-stratified analyses) .  
*FDR P<0.05  

 

 

  

  All individuals (n= 290)   HIV + (n= 198)  HIV -  (n=92) P  for 
interaction PLSDA PCs OR 95CIlow 95CIup P  OR 95CIlow 95CIup P  OR 95CIlow 95CIup P 

PC1 1.24 1.09 1.41 <0.001*  1.23 1.06 1.43 0.007  1.38 1.04 1.84 0.025 0.670 

PC2 1.29 1.11 1.50 0.002*  1.27 1.07 1.53 0.008  1.28 0.94 1.75 0.113 0.840 

PC3 1.49 1.20 1.85 <0.001*  1.57 1.22 2.02 <0.001 1.32 0.83 2.10 0.241 0.331 

PC4 2.07 1.53 2.79 <0.001*  2.21 1.55 3.14 <0.001 1.90 1.00 3.61 0.050 0.644 

PC5 1.53 1.13 2.06 0.006*  1.55 1.10 2.20 0.013  1.84 0.94 3.61 0.077 0.705 

PC6 1.11 0.95 1.25 0.14  1.04 0.90 1.20 0.566  1.36 0.95 1.96 0.094 0.233 

PC7 1.16 0.94 1.43 0.231  1.18 0.92 1.51 0.184  1.46 0.80 2.65 0.214 0.523 

PC8 1.08 0.89 1.28 0.38   1.06 0.85 1.31 0.609   1.08 0.75 1.57 0.668 0.996 



Table S9. Associations of GMB-associated metabolites with Plaque status, 
stratified by HIV status  

 
  HIV + (n= 198)  HIV -  (n=92) P  for 

interaction Metabolites OR 95CIlow 95CIup P  OR 95CIlow 95CIup P 

Imidazole propionate 1.35 0.83 2.19 0.231  1.39 0.70 2.75 0.351 0.917 

3-Hydroxyhippuric acid 1.40 1.00 1.95 0.051  1.38 0.85 2.25 0.196 0.868 

Ribothymidine 1.16 0.76 1.77 0.494  0.91 0.55 1.50 0.704 0.586 

L-Urobilin 0.73 0.40 1.36 0.323  1.12 0.63 1.97 0.704 0.379 

Ornithine 0.94 0.62 1.42 0.756   0.77 0.44 1.35 0.355 0.625 

 

 Adjusted for age,  race, study site, income, education, BMI, alcohol, and smoking status.  

 

 

  



Table S10. Correlations between  bacterial species and  Imidazole propionate  

  



  



   



Table S11. Conditional analysis (mutual adjustment) highlight key ImP-associated 
GMB species out of ImP-correlated  species 

 

 

  



 

 

 

  



 

 

  



Table S12. Correlations between ImP associate bacterial species and hutH 

 

   hutH   
ImPA associated species Spearman rho P_Value 
Blautia_hansenii 0.177 0.003 
Dysgonomonas_capnocytophagoides 0.034 0.570 
Clostridium_scindens 0.021 0.730 
Pediococcus_acidilactici 0.018 0.758 
Bifidobacterium_reuteri 0.130 0.029 
Megasphaera_sp._BV3C161 -0.014 0.819 
Citrobacter_freundii 0.087 0.145 
Veillonella_parvula 0.237 <0.001 
Paraprevotella_xylaniphila -0.049 0.411 
Streptococcus_agalactiae 0.021 0.721 
Coprobacter_secundus -0.137 0.021 
Kluyvera_ascorbata -0.013 0.825 
Clostridioides_difficile -0.200 0.001 
Roseburia_hominis -0.152 0.010 
Fournierella_massiliensis -0.066 0.266 
Pseudoflavonifractor_capillosus -0.214 <0.001 
Lachnoanaerobaculum_sp._OBRC55 -0.117 0.049 



Table S13 . The presence of hutH in specific species  : Sequence Alignment analyses 
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Supplemental Methods 

Study Population 

The WIHS was a prospective cohort study of women with or at risk for HIV infection, now 
continuing as part of the Multi-Center AIDS Cohort Study (MACS)-WIHS Combined Cohort 
Study,  and details on study design and methods have been described previously [1-3]. Every 6 
months, WIHS participants undergo a core visit with a comprehensive physical examination, 
providing biological specimens and completing interviewer-administered questionnaires. 
Measurements and samples for this study were drawn from the semiannual WIHS clinic visits, 
each featuring stored blood biospecimens, from return visits to complete the carotid artery 
ultrasound substudy, and using fecal collection that was performed at home and returned in a 
specialized mailer.   In this study, we included 493 WIHS women whose fecal samples were 
collected using a home-based self-collection kit [4, 5] during 2017–2019. Among these 
participants, 320 women underwent carotid artery imaging. We also included 433 women who had 
proteomic inflammatory markers data on serum samples, and metabolomic/lipidomic data on 
plasma samples, which were collected during 2017–2019 at the closest WIHS core visit to the time 
of stool sample collection. The study was reviewed and approved by the institutional review boards 
at all participating institutions. All participants provided written informed consent. 

 

Shotgun metagenomics sequencing 

Metagenomics Sequencing was performed on DNA extracted from fecal samples collected by FTA 
card using a novel shallow-coverage method of shotgun sequencing-based Illumina NovaSeq 
platforms [6, 7].  The adapters and barcode indices are processed following the iTru adapter 
protocol [8]. De-multiplexing was applied to generate Shallow shotgun per-sample FASTQ data 
and the adapter sequences were trimmed. The human-filtered FASTQ reads were further trimmed 
to remove low quality bases that had a PHRED quality score of 25 or less. Samples with a coverage 
depth less than 100,000 reads per sample were excluded. The quality controlled paired end data 
was then concatenated and aligned against the NCBI RefSeq representative prokaryotic genome 
collection (release 82) [9] using default SHOGUN [10] settings. Bowtie2[11] was selected as the 
alignment tools in SHOGUN pipeline. The reads that mapped to a single reference genome is 
labeled with the NCBI taxonomic annotation at species level. The α-diversity indices (Shannon 
index, Chao-1 Index and Simpson’s Index), and β- diversity weighted UniFrac distances were 
calculated using Qiita [12] and R phyloseq / vegan packages [13, 14].  Functional components 
were obtained using SHOGUN and the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database release 94.0 [15].   

 

Proteomic Inflammatory markers 



Serum proteomics profiling was performed using Olink® Target Inflammation panel (Olink, 
Boston, Massachusetts). This panel measures 92 immune markers simultaneously. Protein 
concentrations were reported as normalized protein expression (NPX) units, which are Ct values 
from the PCR read out and normalized by the subtraction of values for extension control, as well 
as an inter-plate control. The scale is shifted using a correction factor (normal background noise) 
and log2 scaled [16, 17]. After quality control, in the current analysis we included 74 inflammatory 
markers which were detected in >75% of the samples. 
 

Metabolomic/lipidomic profiling 

Plasma metabolomic/lipidomic profiling was performed using liquid chromatography-tandem 
mass spectrometry (LC-MS) at the Broad Institute Metabolomics Platform (Cambridge, 
Massachusetts). LC affords reproducible separation of metabolites on the basis of their physical 
properties and MS enables further resolution of metabolites on the basis of mass-to-charge ratio 
(m/z).Two separate LC-MS methods were performed to measure lipids (lipidomics) and polar 
metabolites (metabolomics) in each sample, as previously described [18-20] . Raw data from 
Orbitrap mass spectrometers were processed using Progenesis QI software (NonLinear Dynamics) 
for feature alignment, untargeted signal detection, and signal integration. Metabolites were 
quantified using area-under-the-curve of the peaks. The targeted processing of known metabolites 
was conducted using TraceFinder software (version 3.1, Thermo Fisher Scientific; Waltham, MA).  
We included a total of 211 lipids and 167 polar metabolites in the current analysis, and all 
metabolites had coefficient variation <30% and missing rate <20%. Metabolites with missing data 
(under detectable levels) were imputed with ½ the minimum values for a given metabolite.  

 

Carotid Artery Plaque Ascertainment 

High-resolution B-mode carotid artery ultrasound was used to image 8 locations in the right carotid 
artery of participants: the near and far walls of the common carotid artery, carotid bifurcation, 
internal and external carotid artery. A standardized protocol was used at each visit by all sites [21, 
22].Focal plaque measures were obtained at a centralized reading center (University of Southern 
California). We defined a focal plaque as an area with localized intima-media thickness of >1.5 
mm in any of the 8 imaged carotid artery locations[23]. 

 

Assessments of HIV infection and other variables  

Demographic, behavioral, clinical, and laboratory variables were collected using standardized 
protocols at semiannual core study visits[24]. HIV infection was ascertained by enzyme linked 
immunosorbent assay and confirmed by Western blot. HIV-specific parameters included CD4+ T-
cell counts, HIV-1 viral load, and detailed information on specific classes of ART drugs (protease 
inhibitors, nonnucleoside reverse transcriptase inhibitors, and nucleoside reverse transcriptase 
inhibitors) [25]. Conventional CVD risk factors included body mass index (BMI), waist to hip 
ratio,  systolic blood pressure(SBP), diastolic blood pressure(DBP), triglycerides, total cholesterol, 
low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, fasting 



glucose ,Hemoglobin A1c, anti-cholesterol and anti-hypertensive medication [26]. 

 

Statistical analysis 

Gut microbiota (taxa and functional components) and prevalent carotid artery plaque.  
We first examined the associations of gut microbiota features with carotid artery plaque among 
320 women with corresponding data available.  Demographic and clinical characteristics between 
participants with and without carotid artery plaque were compared using the Mann-Whitney U test 
(continuous variables) and χ2 test (categorical variables). The Kruskal-Wallis test was applied to 
compare differences in the microbial α-diversity indices by carotid artery plaque status. 
Permutational multivariate ANOVA (PERMANOVA) and principal-coordinate analysis (PCoA) 
were carried out for the microbial β-diversity analyses. Linear discriminant analysis effect size 
(LefSe)[27] was used to identify gut bacterial species associated with prevalent carotid artery 
plaque. We then used logistic regression models to examine the multivariate-adjusted associations 
of LefSe-identified species with carotid artery plaque, adjusting for age, race, study site, antibiotics 
use, income, education, BMI, alcohol, smoking status, HIV status and ART use. Centered log-ratio 
(CLR) transformation was conducted for the abundance of taxonomic units before analyses.  In 
addition, we also applied Analysis of Composition of Microbiomes (ANCOM2)[28] to detect gut 
bacterial species associated with carotid artery plaque, adjusting for aforementioned covariates. 
We controlled the false discovery rate (FDR) at 10%, and excluded the species if they were present 
in <20% of the study population or average relative abundance <0.001%. The ANCOM detection 
level ≥0.6 was considered significant which indicates that the ratios of the taxon to at least 60% of 
other taxa were detected to be significantly different (FDR <0.10) between women with and 
without carotid artery plaque.  Spearman correlation was employed to estimate correlation 
coefficients among the identified carotid artery plaque-associated species, and traditional CVD 
risk factors including BMI, SBP, DBP, triglycerides, total cholesterol, low-density lipoprotein 
cholesterol, high-density lipoprotein cholesterol, fasting glucose and Hemoglobin A1c 
(participants with anti-cholesterol or anti-hypertensive medication were excluded in the 
corresponding analyses). We also examined the associations of the plaque-associated species with 
HIV-specific variables including CD4 count, HIV viral load and current ART treatment using 
multivariable regression models, adjusting for aforementioned covariates. In addition, to explore 
potential HIV-specific results, LefSe and logistic regression analyses were also conducted in 
women with and without HIV infection separately. 
 
For metagenomics functional components analyses, centered log-ratio transformation was applied 
to the abundance of annotated enzymes.  Partial spearman correlation analysis was performed to 
estimate correlation coefficients between microbial functional enzymes, and plaque related 
bacterial species. Linear regression models were applied to examine associations of enzymes with 
plaque, after controlling for the aforementioned covariates. The enrichment test was performed for 
the 1634 annotated enzymes at EC level III enzyme category, with FDR <0.10 as cut off.  
 

Proteomics inflammatory markers and carotid artery plaque 
We examined the associations of Proteomics inflammatory markers with carotid artery plaque 
among 290 women. Partial least squares discriminant analysis(PLSDA)[29], with the loading 



scores of each PLSDA principal components, were used to identify plaque associated proteomics 
inflammatory markers, and their contribution to each PLSDA principal components.   We further 
performed logistic regression models to examine the associations between carotid artery plaque, 
and PLSDA principal components and individual inflammatory markers (inverse normal 
transformed), adjusting for aforementioned covariates. In addition, to explore potential HIV-
specific results, logistic regression analyses were also conducted in women with and without HIV 
infection separately. 
 
Carotid artery plaque-associated microbial species and serum inflammatory markers 
We then examined the associations of plaque-associated bacterial species with host serum 
inflammatory markers (n=426). Spearman correlation was employed to estimate correlation 
coefficients of identified bacterial species with overall proteomics inflammation profiles estimated 
by the PLSDA principle components, respectively, as well as individual inflammatory markers.   
We further adjusted proteomic profiles in the logistic regressions to examine the potential 
mediating effect on the association between microbial species and plaque, adjusting for the 
aforementioned covariates. 
 
 
Plasma metabolomic profiles, gut microbiome, and serum inflammatory markers, in relation to 
carotid artery plaque . 
In 426 women who had both microbiome and metabolome data, we examined the associations of 
the 6 plaque-associated bacterial species with plasma lipidomic and metabolomic profiles. 
Spearman correlation was employed to estimate correlation coefficients of identified bacterial 
species with individual 211 lipids and 167 polar metabolites, with FDR <0.10 as cut off. Then we 
used logistic regression models to examine associations between the selected microbial-correlated-
metabolites and plaque, adjusting for the aforementioned covariates (n=290). In addition, the 
stratified analyses were conducted in women with and without HIV infection separately. 
We further explored the correlations among these microbial-correlated-metabolites and overall 
proteomics profiles, as well as individual inflammatory markers (n=433).   We further adjusted the 
microbial metabolites, and proteomic profiles in logistic regressions to examine the potential 
mediating effect on the associations between microbial species and plaque(n=285), adjusting for 
the aforementioned covariates.  
 
 
ImP, ImP related microbial species, functional components, and Serum Inflammatory markers, 
in relation to Carotid Artery Plaque 
To identify the potential gut microbial ImP producer, we first explored the correlations among 316 
gut microbial species and plasma ImP level (n=426), with FDR <0.10 as cut off. Then we included 
all the 138 ImP correlated microbial species in the same conditional analysis regression model 
(mutual adjustment) after multivariable adjustment, to further examine independent associations 
between microbial species and ImP. 

To better represent the overall GMB features associated with ImP, we calculated a GMB score 
based on the sum of the weighted INT- CLR transformed abundance of the 17 microbial species 
independently associated with ImP (weighted by their beta coefficient with ImP in the regression 
model).  Associations of the GMB score and 17 individual microbial species with plasma ImP and 
plaque status were examined using linear regression models and logistic regression models 



respectively, with adjustment for the aforementioned covariates. We then used linear regression to 
examine associations among levels of functional enzyme hutH, the GMB score (Low,Q1; Medium, 
Q2 and Q3; High, Q4), and plasma ImP.   We also explored the correlations of the GMB score and 
17 individual microbial species with functional enzyme hutH (n=426) ;  as well as with overall 
proteomic profiles and individual inflammatory markers (n=433). 
 

The Benjamini-Hochberg false discovery rate (FDR) method was used for the multiple testing 
correction. Statistical analyses were performed using R 4.0.2. unless otherwise stated. 
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