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ABSTRACT  

 

The immunological, biochemical and molecular mechanisms associated with poor immune 

recovery are far from known, and metabolomic profiling offers additional value to traditional 

soluble markers. Here, we present novel and relevant data that could contribute to better 

understanding of the molecular mechanisms preceding a discordant response and HIV 

progression under suppressive cART. Integrated data from NMR-based lipoprotein profiles, 

MS-based metabolomics and soluble plasma biomarkers help to build prognostic and 

immunological progression tools that enable the differentiation of HIV-infected subjects based 

on their immune recovery status after 96 weeks of suppressive cART. The metabolomic 

signature of ART-naïve HIV subjects with a subsequent late immune recovery is the expression 

of pro-inflammatory molecules and glutaminolysis, which is likely related to elevate T-cell 

turnover in these patients. The knowledge about how these metabolic pathways are 

interconnected and regulated provides new targets for future therapeutic interventions not only 

in HIV infection but also in other metabolic disorders such as human cancers where 

glutaminolysis is the alternative pathway for energy production in tumor cells to meet their 

requirement of rapid proliferation.  

 

 

Keywords: Apoptosis, CD4+ T-cell turnover, HIV, Inflammation, NMR-based lipoprotein 
profile, MS-based metabolomics, Poor immune recovery  
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CLINICAL PERSPECTIVES 

 

 Immunological non-responders are associated with worse long-term prognosis, 

including a higher risk of progression towards AIDS and non-AIDS-defining clinical 

events and death. Metabolomics profiling offers an additional value to traditional 

soluble markers. 

 Here, we show novel and relevant data that corroborate our previous observation that 

inflammation and CD4+ T-cell turnover are strongly linked in immune recovery.  

 The metabolomic signature of ART-naïve HIV subjects with a subsequent late immune 

recovery is the expression of pro-inflammatory molecules and glutaminolysis. The 

knowledge about how these metabolic pathways are interconnected and regulated 

provides new targets for future therapeutic interventions not only in HIV infection but 

also in other metabolic disorders such as human cancers. 
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ABBREVIATIONS LIST 

cART, combined antiretroviral therapy  

CNTFR, ciliary neurotrophic factor receptor  

COS, Centre for Omic Sciences  

FDR, false discovery rate  

HCV, hepatitis C virus coinfection 

HDL, high-density lipoprotein 

HIF-1, hypoxia-inducible factor 1  

HMDB, human Metabolome Database 

hsCRP, high-sensitivity C-reactive protein  

IBD, inflammatory bowel disease  

IL-6, interleukin 6 

INR, immunological non-responders  

IP-10, interferon gamma-induced protein 10 

IR, immunological responders  

KW, Kruskal-Wallis  

LDL, low-density lipoprotein 

LPS, lipopolysaccharide   

MDA, mean decrease in accuracy  

MS, mass spectrometry  

MW, Mann-Whitney  

NAFLD, non-alcoholic fatty liver disease 

NMR, nuclear magnetic resonance  

PalC, palmitoylcarnitine  

PLS-DA, partial least squares discriminant analysis 

RF, random forest   

sCD14, soluble CD14 

sCD40L, soluble CD40 ligand 

sICAM-1, soluble intercellular adhesion molecules  

STITCH, Search Tool for Interactions of Chemicals  

sVCAM-1, soluble vascular cell adhesion molecule  

TGF-, transforming growth factor-beta  

TH, tyrosine hydroxylase  

VLDL- very-low density lipoprotein 

W, Wilcoxon t-test  

 



5 
 

INTRODUCTION 

Combined antiretroviral therapy (cART) successfully controls HIV viremia and improves the 

prognosis of HIV-infected subjects due to the decrease of HIV replication below detectable 

levels and due to CD4 T-cell recovery [1]. However, up to one fourth of HIV-infected subjects 

who start cART when they are severely immunosuppressed do not experience sufficient CD4 T-

cell increases after two years of successful viral suppression. They are so-called “patients with 

incomplete recovery or discordant response”, “immunological non-responders (INR)” or “poor 

responders” [2–4]. In addition, although the concept of a poor immune response remains vague 

and the prevalence of INR varies between 10%-40% depending on the cohort studied [4–8], it is 

well established that patients receiving cART with CD4+ T-cell counts persistently below 250 

cells/µl are associated with worse long-term prognosis, including a higher risk of progression 

towards AIDS and non-AIDS-defining clinical events and death [9–11]. 

Previously, our group has retrospectively investigated the immune characteristics preceding 

poor CD4 recovery during cART in a cohort of INR patients. Increased expression of CD4 T-

cell turnover-related markers (ki67/CD95) denoted an increased cycling and proliferative status 

in INRs before cART onset [12]. This phenomenon, together with an early profound immune 

dysregulation affecting Treg and Th17 cells [12,13], could contribute to the observed pro-

inflammatory status that likely compromises the immune reconstitution of INR subjects. 

However, the integrated immunological, biochemical and molecular mechanisms associated 

with poor immune recovery are far from known. Investigations regarding the biologic 

mechanisms associated with this condition are needed to develop a useful tool for early 

detection of potential poor responders in daily clinical care and to investigate potential 

therapeutic targets. 

The use of nuclear magnetic resonance (NMR) and mass spectrometry (MS) allows for the fast 

and reproducible quantification of several molecules simultaneously, offering additional value 

to the standard methodologies for diagnosis or clinical prognosis in the study of HIV infection 

[14]. We and others have recently demonstrated that plasma metabolomics is a powerful tool to 
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monitor natural HIV evolution or the effect of treatment as well as the metabolic diseases and 

chronic inflammation associated with HIV infection [15–19]. Our previous studies revealed that 

NMR-based metabolomics is a powerful instrument to identify a baseline lipoprotein profile 

associated with poor immune recovery [15] and dyslipidemia development in HIV-infected 

patients [16]. Untargeted plasma metabolomics profiling linked lipid abnormalities to 

circulating markers of inflammation, microbial translocation and hepatic function in HIV-

infected subjects with advanced disease on PI-based cART [17], whereas targeted metabolomics 

identified an increased rate of glycolysis in HIV-infected CD4+ T-cells [18] and alterations in 

the catabolism of branched amino acids associated with disease progression [19]. 

Because our previous NMR-based metabolomics analyses helped to define a baseline 

metabolomic signature of HIV-infected subjects with low nadir [15], we hypothesized that the 

combination of NMR-based lipoprotein profile and MS-based metabolomics could help to 

elucidate the molecular mechanisms associated with the increased CD4 T-cell turnover and 

immune dysregulation preceding poor immune recovery in our previously characterized cohort 

of HIV subjects [12,13]. Thus, we searched for potential predictive metabolomics markers of a 

late immune response before cART onset and HIV progression associated with discordant 

response after cART. For this aim, we performed circulating NMR- and MS-based HIV plasma 

metabolomics in 41 cART-naïve HIV-infected subjects who were subsequently followed up for 

96 weeks under cART.  
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METHODS 

Study design and participants  

The study included 41 HIV-infected subjects aged ≥18 years and naïve to ART drugs recruited 

from the cohort of the Spanish AIDS Research Network (CoRIS) [20], which is an open cohort, 

multicenter cohort of patients newly diagnosed with HIV infection in the hospital or treatment 

centre, over 13 years of age, and naïve to antiretroviral treatment. For this study, we analyzed 

two groups of pre-cART samples from HIV-positive subjects along with the main risk factors 

associated with immune discordance [12] kindly provided by the HIV Biobank integrated in the 

Spanish AIDS Research Network (RIS) [21]. The study subjects included patients who started 

cART with counts of <200 CD4 cells/µl but did not achieve more than 250 CD4 cells/ µl after 

96 weeks of suppressive treatment (INR subjects, n = 18) and a control group of patients who 

had also started cART with <200 CD4 cells/µl but achieved more than 250 CD4 cells/ µl under 

the same conditions (IR subjects, n = 23). Available follow-up samples (INR subjects, n = 9 and 

IR subjects, n = 8) after 96 weeks under suppressive cART were also analyzed. During this 

period, patients were receiving a combination of two nucleoside reverse transcriptase inhibitors 

(NRTI) plus a non-nucleoside reverse transcriptase inhibitor (NNRTIs) and/or a protease 

inhibitor(s) (PI) or a combination of both. Only two patients of each group were exposed to 

zidovudine (AZT), a known highly toxic NRTI-containing regimen. Data collection included 

basic clinical background and demographic information, as well as CD4 cell count, HIV-1 RNA 

viral load measurements and AIDS-defining events. Regarding viral load determinations, at 

least four viral load determinations throughout that period were measured, and all of which had 

to be below 40 HIV RNA copies/mL, except for the first six months following treatment 

initiation, where higher values were allowed [12]. Patients taking lipid-lowering agents (such as 

statins, fibrates or ezetimibe), antidiabetic drugs (such as metformin, sulfonylureas, DDP-4 

inhibitors or insulin and analogues), psychotropic drugs (including antipsychotics or 

antidepressants) and other drugs with several known metabolic effects were excluded. 

Additionally, a group of healthy HIV-uninfected (n=9) volunteers, matched by gender (all male) 
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and age (43 [40-48] years), was also analyzed for reference values. This study was carried out in 

accordance with the recommendations of the Ethical and Scientific Committees from each 

participating institution. All subjects gave written informed consent in accordance with the 

World Medical Association Declaration of Helsinki. 

Plasma soluble markers 

Markers of systemic inflammation [interleukin (IL)-6, high-sensitivity C-reactive protein 

(hsCRP)], immune activation or suppression [interferon gamma-induced protein (IP)-10, soluble 

CD14 (sCD14), transforming growth factor-beta (TGF-)], microbial translocation 

[lipopolysaccharide (LPS)], endothelial dysfunction [soluble intercellular adhesion molecules 

(sICAM-1) and soluble vascular cell adhesion molecule (sVCAM-1)], platelet activation 

[soluble CD40 ligand (sCD40L)] and coagulation (D-dimer) were analyzed as described 

elsewhere [12]. Previous pre-cART data from several individual soluble parameters were 

partially published in a previous study including some patients from the same cohort [12] 

whereas values achieved at 96 weeks of cART were exclusively of the present work. 

NMR lipoprotein measurements 

All 1H NMR spectra were recorded at 310 K on a Bruker Avance III 600 spectrometer operating 

at a proton frequency of 600·20 MHz. Lipid concentrations (i.e., triglycerides and cholesterol), 

lipoprotein sizes, and particle numbers for VLDL (38.6–81.9 nm), LDL (18.9–26.5 nm), and 

HDL (7.8–11.5 nm) classes, as well as the particle numbers of nine subclasses, namely, large, 

medium, and small VLDL, LDL, and HDL (a total set of 26 variables) were measured in 2D 

spectra from diffusion-ordered NMR spectroscopy (DOSY) experiments using the Liposcale 

test [22]. Briefly, the cholesterol and triglyceride concentrations of the main lipoprotein 

fractions were predicted using partial least squares (PLS) regression models. Then, the methyl 

proton resonances of the lipids in lipoprotein particles were decomposed into nine Lorentzian 

functions representing nine lipoprotein sub-classes and the mean particle size of every main 

fraction was derived by averaging the NMR area of each fraction by its associated size. Finally, 
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we calculated the particle numbers of each lipoprotein main fraction by dividing the lipid 

volume by the particle volume of a given class and we used the relative areas of the lipoprotein 

components used to decompose the NMR spectra in order to derive the particle numbers of the 

nine lipoprotein subclasses. 

Metabolomic analysis 

Metabolomic profiling was performed by the Centre for Omic Sciences (COS) 

(http://omicscentre.com/) using ultra-high-performance liquid chromatography coupled to 

quadrupole-time of flight high-resolution mass spectrometry (UHPLC-(ESI)qTOF) using 

positive and negative ionization and hydrophilic interaction liquid chromatography coupled to 

quadrupole-time of flight high-resolution mass spectrometry (UHPLC-(ESI)qTOF) using 

positive ionization. The instrument was an Agilent 1290 Infinity UHPLC coupled to 6550 i-

funnel qTOF, and chromatographic columns were an Acquity UPLC® HSS T3 C18 (100 x 2.1 

mm., 1.8 µm) for UHPLC positive ionization, an Acquity UPLC® BEH C18 (100 x 2.1 mm., 

1.8 µm) for UHPLC negative ionization and an Acquity UPLC® BEH HILIC (100 x 2.1 mm., 

1.7 µm) for HILIC positive ionization, all from Waters, USA. The chromatographic analyses 

were performed under gradient elution using ultrapure water (0.1% formic acid) and acetonitrile 

for the UHPLC positive ionization method, ultrapure water (1 mM ammonium fluoride) and 

acetonitrile for the UHPLC negative ionization method and ultrapure water (50 mM ammonium 

acetate) and acetonitrile for the HILIC positive ionization method. The flow rate was 0.4 

mL/min, the column temperature was set at 25ºC and the injection volume was 2 µL (+4ºC) for 

all methods. The acquisition range was between 100-1000 m/z at 1.5 spectra/sec.  

The extraction of plasma metabolites was conducted by protein precipitation using 

methanol:water (8:1). A total of 450 μL of extracting solution were added to 50 μL of serum 

and were mixed for 10 sec and sonicated for 2 min. Next, the solution was kept for 10 min on 

ice and then centrifuged at 15000 rpm at +4 ºC. The remaining supernatants were transferred to 

LC vials for analysis. 

http://omicscentre.com/
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For tentative identification of metabolites, Mass Profinder software (Agilent) was used for data 

deconvolution and Mass Profiler Professional (Agilent) was used for data alignment for all 

samples. The aligned features were submitted to the ID Browser module for identification by 

their exact mass and retention time using the Metlin Personal Compound Database (Agilent). A 

total of 99 metabolomic entities were initially identified, and pre-processing data analysis was 

performed to exclude variables with constant or single values. Missing values for a given 

metabolite were detected and replaced by the median value of the metabolite. Partial least 

squares discriminant analysis (PLS-DA) was performed in the Metaboanalyst web portal 

(www.metaboanalyst.ca). Random Forest (RF) and hierarchical clustering of signature 

metabolites associated with immune recovery were performed using the R. Both, human 

Metabolome Database (HMDB) (http://www.hmdb.ca/) [23] and the MetabolomeXchange web 

portal (http://www.metabolomexchange.org) were used to confirm the presence of metabolites 

identified in the human body and to obtain detailed information about the metabolites found in 

our study.  

Statistical Analysis 

The normality of the distribution of the variables was assessed using a Kolmogorov-Smirnov 

test. Medians and interquartile ranges or means and standard deviations were used to summarize 

the continuous variables, and comparisons between the groups were performed with non-

parametric Kruskal-Wallis (KW) and/or Mann-Whitney (MW) tests for unpaired samples and a 

Wilcoxon t-test for paired samples (W). The categorical variables are summarized as 

frequencies and percentages, and their associations with immune recovery were determined 

using the 2 test. Spearman correlation coefficients and the corresponding P values were 

calculated to assess the associations between CD4 counts and the estimated plasma lipoprotein, 

metabolome and lipidome entities and soluble parameters. Random forest (RF) analyses were 

performed as multivariate tests to identify the variables that best partitioned the overall study 

population according to immune recovery predisposition. The RF interpretations are represented 

using the mean decrease in accuracy (MDA) variable, which estimates how much excluding (or 

http://www.metaboanalyst.ca/
http://www.hmdb.ca/


11 
 

permuting) each variable reduces the accuracy of the model during the out-of-bag error 

calculation phase. The variables with large MDAs were selected, and logistic regression models 

that combined the statistically significant variables were generated in both univariate and 

multivariate tests. Statistical analyses were performed using SPSS (version 21.0, SPSS Inc., 

Chicago, IL) and the R software computing environment (https://www.r-project.org/). The 

graphical representations are based on both the graphical environment of R and GraphPad Prism 

software (version 5.0, GraphPad Inc., San Diego, CA). The metabolite-protein interaction 

network and functional enrichment analyses were generated using the Search Tool for 

Interactions of Chemicals (STITCH) database, version 5.0 [24]. The results were considered 

significant at P < 0.05. 
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RESULTS  

Patient characteristics  

Forty-one cART-naïve patients were included in the study. The baseline clinical characteristics 

of the HIV-infected subjects (n = 41) are presented in Table 1. All patients were male, with a 

median age of 42 (34-51) years, with low CD4 counts (86 [63-161] cells/µL) and plasma viral 

loads (4.86 [4.41-5.37] log HIV RNA copies/mL). Both the INR and the IR group had similar 

frequencies of HCV co-infection (7.5%) and AIDS-related illness (24.4%). Based on the 

classification criteria, after 96 weeks under suppressive cART, INR subjects achieved 210 [176-

235] CD4 T-cells/µL and a CD4/CD8 T-cell ratio of 0.32 [0.23-0.41], whereas IR subjects 

achieved 436 [360-570] CD4 T-cells/µL and a CD4/CD8 T-cell ratio of 0.38 [0.31-0.48].  

Pre-cART profile of soluble biomarkers predicting poor immune recovery after ART 

Lipoprotein profile, lipidome and metabolome entities were analyzed in order to characterize 

groups of study. Previous pre-cART data from several individual soluble parameters were also 

included in order to improve the prognostic value of the metabolomics signature [12]. As 

expected , among a selection of soluble biomarkers of inflammation, immune 

activation/suppression, microbial translocation, endothelial dysfunction, platelet activation and 

coagulation, only higher IL-6 levels and a greater number of subjects having hsCRP ≥ 5 mg/L 

where found in INR subjects compared to IR subjects (Supplementary Table 1). Additionally, 

whereas no differences were found regarding the baseline pre-cART Liposcale lipoprotein 

characterization (Supplementary Table 2), the metabolite PLS-DA score plot, including 

lipidomic markers, was different between INR subjects and IR subjects before cART onset 

(Figure 1A). In fact, univariate analysis revealed an elevated concentration of L-tyrosine and a 

decreased concentration of L-glutamate and phosphatidylcholine PC (16:1) at baseline 

associated with later poor immune recovery (Figure 1B).  

Next, random forest analysis (RF) was used as a multivariate method to rank variables 

(integrated data) that constitute the best predictors of immune recovery (Figure 1C). In 
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particular, RF provided additional evidence indicating that IL-6 and PC (16:1) were among the 

most discriminatory parameters (MDA>30) between INR subjects and IR subjects before cART 

onset. Palmitoylcarnitine concentrations also had a strong classification power in the 

multivariate model despite not appearing to be significantly different in the univariate test 

(Figure 1B), and increased plasma hsCRP ≥ 5 mg/L was the best classifier (MDA > 58). We 

next evaluated which metabolic pathways were affected by the interaction of these selected 

metabolites and proteins (Figure 2A). Surprisingly, in the biological process category, 

microbial translocation was one of the most-enriched terms along with the expected 

inflammatory (IL-6) and acute-phase response (hsCRP), suggesting a connection between the 

expression of pro-inflammatory cytokines and microbial translocation in the discordant 

response (Figure 2B). Gene ontology of cellular component categories further confirmed the 

enrichment of IL-6 complex and T-cell complex, as well as, their connection to neuronal 

components (Figure 2B). Notably, ciliary neurotrophic factor receptor (CNTFR), which 

supports the survival of neurons, is closely related to IL-6 receptor. Thus, the enriched KEGG 

pathway revealed a strong relationship between pre-cART immune recovery not only with 

immune processes (hematopoietic cell lineage, Jak-STAT signaling pathway, T-cell receptor) 

but also with key regulatory factors of T-cell glycolysis (HIF-1 signaling pathways) 

inflammatory disorders (IBD, NALFD), and alanine, aspartate and glutamate metabolism 

(Figure 2B). 

High density lipoproteins and glutamate metabolism are strongly associated with immune 

recovery after cART  

Next, we examined lipoprotein alterations and analyzed soluble parameter changes after 

suppressive cART therapy in a group of 17 HIV-infected subjects with available follow-up 

samples after 96 weeks on stable cART (Supplementary Table 3). INR subjects (n = 9) had 

increased HDL cholesterol and increased HDL particle sizes, mainly due to increased medium 

HDL-P, compared to IR subjects (n = 8) (Figure 3A). Regarding the soluble plasma markers, 
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INR subjects had reduced concentrations of transforming growth factor beta (TGF-) after 

suppressive cART (Figure 3A, Supplementary Table 4).  

Next, we also studied the effect of successful immune restoration on the HIV plasma 

metabolome and lipidome. A supervised two-dimensional PLS-DA score plot clearly 

distinguished INR subjects from IR subjects (Figure 3B). Univariate analysis revealed a 

significantly decreased concentration of 5-aminolevulinic acid, eicosapentaenoic acid, gamma-

glu-leu, glycolic acid, isopimaric acid and L-glutamate in INR subjects compared to IR subjects 

(Figure 3C). In this case, RF ranked HDL-C, LDL-C, HDL-P, and L-glutamate as the top 

parameters accounting for immune recovery after cART (Figure 3D). 

Correlation analyses between CD4
+
 T-cell counts and metabolomics signature after cART 

Discordant response is clearly defined by CD4+ T-cell counts after cART, so we performed 

Spearman correlation analysis to confirm and detect the relationship between metabolomics and 

CD4+ T-recovery. Correlation analyses of integrated data showed significant direct association 

of glycocholic acid ( = 0.51, P = 0.04), isopimaric acid ( = 0.74, P = 0.04), and citrulline ( = 

0.60, P = 0.03) to CD4 T-cell count achieved after 96 weeks of suppressive cART. By contrast, 

CD4 T-cell count was inversely correlated to DL-pipecolic acid ( = -0.94, P < 0.01) and 

microbial translocation (LPS,  = -0.61, P = 0.03). In fact, networking modeling confirmed the 

relationship between glutamate metabolism not only to 5-aminolevulinic acid, citrulline (0.02 

[0.02-0.03] in INR-subjects and 0.03 [0.01-0.03] in IR-subjects) and DL-pipecolic acid (0.07 

[0.07-0.07] in INR-subjects and 0.03 [0.02-0.03] in IR-subjects), but also to “TGF family” via 

interaction to CCR2-CCL2 and retinoic acid axis (Figure 3E). 

Longitudinal evaluation of lipoprotein metabolism and plasma soluble parameters 

Plasma NMR-based lipoprotein values achieved at 96 weeks of cART in HIV-infected subjects 

were compared to a control group of healthy volunteers (H-subjects) (1012 [801-1164] CD4 T- 

cells/µL). INR subjects had increased LDL-C (LDL-C = 31%) and LDL-P (LDL-P = 28%), 
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although their values remained significantly lower compared to the control group (Figure 4A, 

Supplementary Figure 1). In contrast, IR subjects reached similar LDL-C (LDL-C = 19%) 

values and LDL-P (LDL-P = 18%) values as healthy subjects (Figure 4A). Regarding HDL 

metabolism, INR subjects suffered a surprising increase in HDL-C (HDL-C = 42%) and HDL-

P (HDL-C = 12%), achieving comparable values to healthy subjects, whereas in IR subjects 

these parameters remained lower compared to the reference group (P = 0.03 and P < 0.01, 

respectively), despite the same longitudinal increasing trend (HDL-C = 16% and HDL-C = 

7%) (Figure 4B, Supplementary Figure 1).  

Next, we explored longitudinal changes in plasma soluble parameters associated with immune 

recovery. Both groups experienced a decrease in soluble markers of immune activation (IP-10) 

and endothelial dysfunction (ICAM-1, VCAM-1), although the differences were only 

significant in INR subjects (Supplementary Figure 2). In contrast, markers of platelet 

activation (CD40L) were slightly increased after ART therapy, and again, differences were only 

significant in INR subjects.  

Metabolite restoration in relation to immune recovery  

To simplify data analysis, pre-processing was performed to include metabolites that were 

significantly different throughout the follow-up in HIV-infected subjects and metabolites that 

were significantly different between healthy volunteers and HIV-infected subjects at 96 weeks 

of cART. By this approach, four metabolites were significantly altered throughout the follow-up 

in INR subjects, nine metabolites were significantly altered throughout the follow-up in IR 

subjects and eight metabolites were exclusively associated with HIV infection (Supplementary 

Table 5).  

Hierarchical clustering of this set of 35 metabolites clearly distinguished HIV-infected subjects 

from H-subjects after 96 weeks of cART. Furthermore, hierarchical clustering clearly 

distinguished INR subjects from IR and healthy subjects, indicating an anomalous immune 
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response after suppressive cART. Notably, after cART, IR subjects had similar metabolomic 

signatures as non-HIV-infected healthy volunteers (Figure 5).  
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DISCUSSION 

Recently, we demonstrated NMR-based metabolomics as a powerful tool to identify 

dyslipidemia development in HIV-infected subjects [16] and a baseline lipoprotein profile 

associated with poor immune recovery [15]. Here, we show that integrated data from NMR-

based lipoprotein profiles, MS-based metabolomics and soluble plasma biomarkers builds 

prognostic and immunological tools that allow the differentiation of HIV-infected subjects 

based on their immune recovery status after 96 weeks of stable cART. Inflammation, 

glutaminolysis and structural and compositional changes in lipoproteins were associated with 

late immune recovery in INR subjects with increased CD4 T-cell turnover and immunological 

dysregulation. To our knowledge, this is the first study to evaluate plasma predictive markers 

and disease progression using NMR and MS-based metabolomics along with traditional soluble 

markers in a longitudinal study of HIV-infected subjects initiating cART with a subsequent low 

CD4+ T-cell counts (less than 200 cells/ µl), and with followed up for 96 weeks of cART. The 

current study is consistent with our previous observation [12] that associated higher levels of 

IL-6/hsCRP and increased CD4+ T-cell turnover (ki67/CD95 expression) in INRs before cART 

onset, and offers new insight about the metabolic pathways involved. 

Plasma IL-6, hsCRP ≥ 5mg/L, L-tyrosine, L-glutamate and PC (16:1) by univariate model, and 

hsCRP, IL-6 and palmitoylcarnitine (PalC) by multivariate model (RF), were identified as 

predictive markers of late immune recovery. PalC is a long-chain acyl fatty acid ester of 

carnitine that has associated with decreased Treg cell number in Salmonella infection [25] due 

to apoptosis regulation and hence associated with pro-inflammatory effects on the immune 

response [26]. Consistent with this, increased plasma PalC and IL-6 concentrations, as well as a 

greater number of subjects having hsCRP ≥ 5mg/L, were the best classifiers of late poor 

immune recovery in the RF model. Accordingly, we have recently described increased levels of 

IL-6 and hsCRP preceding poor CD4 T-cell recovery [12]. For instance, IL-6 activates the 

STAT3 signaling pathway, boosting the upregulation of the Th17-promoting transcription factor 

RORt which is also directly induced by the transcription hypoxia-inducible factor 1 (HIF-1) 
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[27,28]. HIF-1 is a key metabolic sensor expressed in CD4+ T-cells that regulates the Th17/Treg 

balance by upregulating glycolytic metabolism in a mTOR-dependent manner [29,30]. 

Consistent with this, our previous work also demonstrated that increased frequencies of Th17 

cells precede the discordant response to cART, suggesting that immune dysregulation affecting 

these subsets is critical in immunological non-responders to cART and could be linked to their 

inflammatory state [13]. T-cell activation drastically increases the metabolic demands, 

downregulating the characteristic pathways of quiescent cells via the induction of the 

transcription factor Myc as well as HIF-1 via the PI3/Akt/mTOR and NF-B pathways [27,31]. 

In effect, increased glycolytic metabolism was previously associated with low CD4+ T-cell 

counts and abnormally high levels of immune activation due to metabolic depletion of CD4+ T-

cell counts in HIV subjects [32]. Additionally, expression of NF-B is activated by PC turnover, 

and thus, PC breakdown assumes a major role in HIV replication [33]. Interestingly, HIV 

replication in INR subjects under suppressive cART may be related to the existence of a 

population of metabolically active CD4+ OX40+ T cells that are highly susceptible to HIV 

infection [34], and we recently observed that such a population was upregulated both before and 

after cART initiation in INR subjects [35]. Thus, according to our results, we suggest that cell 

cycle regulation and inflammatory molecules are tightly interrelated and could induce the 

activation of key regulatory factors of T-cell glycolysis in HIV patients with poor immune 

response before starting cART. 

On the other hand, the increased concentrations of plasma L-tyrosine could also be related to 

increased CD4+ T-cell activation and the production of pro-inflammatory cytokines in INR 

subjects [36,37]. L-tyrosine is a non-essential amino acid and a precursor of brain 

catecholamines (dopamine, norepinephrine and epinephrine), that could be produced by 

lymphocytes in an autocrine or paracrine fashion [38]. It is known that dopamine reduces the 

suppressive and trafficking activities of Treg cells via the ERK signaling pathway [36]. 

Additionally, overexpression of tyrosine hydroxylase (TH), the enzyme responsible for 

catalyzing the conversion of L-tyrosine to L-DOPA, facilitates a shift in T-helper cell 
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differentiation and function towards Th2 cells direction, promoting the production of anti-

inflammatory cytokines [37]. Therefore, we could hypothesize that INR subjects have 

diminished TH activity, accumulating higher circulating plasma L-tyrosine and, as a 

consequence, increasing CD4+ T-cell exhaustion and promoting a Th1/Th2 shift towards Th1 

cells, which is also consistent with the excess of pro-inflammatory cytokines in patients with 

poor immune recovery. 

We have recently reported increased expression of CD4 T-cell turnover-related markers 

(Ki67/CD95) in INR subjects before cART initiation [12]. Here, we observed that these high 

rates of cellular turnover likely maintain the L-glutamate concentration far from what can be 

offset even after 96 weeks of cART, which may be associated with damage of the 

gastrointestinal (GI) tract and microbial translocation. Our results revealed that CD4+ T-cell 

count was positively correlated with glycocholic acid, a primary bile acid, and the concentration 

of citrulline, a biomarker of intestinal diseases and enterocyte function [39,40]. CD4+ T-cell 

count was also inversely correlated with both LPS, a bacterial by-product already associated 

with higher glucose uptake in monocytes [41], and DL-pipecolic acid, a product of lysine 

degradation [42]. Thus, damage of the GI tract and microbial translocation could be associated 

with worse prognosis of immune recovery in patients receiving cART. In this context, L-

glutamate is an ATP-producing substrate for enterocytes as well as a precursor for citrulline 

synthesis [39], which is also negatively influenced by hsCRP, likely due to HIV replication, 

with depletion of CD4+ T-cells leading to enterocyte loss [40]. Bile acids directly impact the 

adaptive immune response via inhibition of Th1 activation via Vitamin D receptor (VDR) 

signaling [43]. Furthermore, D-Pipecolic acid is metabolized from lysine by intestinal bacteria, 

and their uptake into the mitochondria was related to the development of hepatic 

encephalopathy via the induction of apoptosis in neuronal cells [44]. Additionally, high levels of 

circulating LPS were previously related to elevated CD4+ T-cell turnover, suggesting an 

increased translocation of microbial products though the gastrointestinal mucosa in HIV 

incomplete responders [45,46].  
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Both protein and lipid compositional changes in HDL particles were previously associated with 

structural and functional changes in these lipoproteins in HIV infection [47]. Here, we observed 

increased HDL metabolism (HDL-C and HDL-P) in INR subjects after 96 weeks of cART that 

was surprisingly even higher than in healthy volunteers. HDL particles are heterogeneous in 

their shape, size, and surface charge with diverse functionality. HDLs are known to be the 

principal mean to transport lipid from extrahepatic cells back to the liver for degradation or 

recycling, but growing evidence challenges the role of HDL and its components in glucose 

metabolism via a variety of mechanisms [48]. HDL activates Akt phosphorylation in ApoA-I 

transgenic mice enhancing both glycolysis and glucose oxidation in mouse muscle cells and 

facilitating glucose uptake through an ABCA1/AMPK-dependent mechanism. In addition, 

although it is well recognized that HDL exerts anti-inflammatory effects reducing the secretion 

of several cytokines and chemokines, recent evidence also suggests a clear pro-inflammatory 

effect of HDL on macrophages. Disruption of membrane lipid rafts by HDL action increases the 

production of pro-inflammatory cytokines via the NF-kB/STAT1-IRF1 axis [49]. Furthermore, 

increased HDL particles could be related to the downregulation of TGF-, which is critical for 

the suppression of Th1 cell differentiation. In vitro evidence suggests that HDL can decrease the 

TGF-1-mediated induction of -smooth muscle actin expression and TGF-1-induced 

collagen deposition in human aortic endothelial cells [50]. Consistent with these data, our 

results revealed decreased TGF- concentrations in INR subjects compared to IR subjects after 

96 weeks of cART. Thus, taken together, our data suggest that substantial remodeling of up-

regulated HDL particles contribute to combat lipid accumulation from the cell membrane 

components of apoptotic cells, skewing the Th1/Th2 balance towards Th1 cells and thus 

promoting an inflammatory status and enhancing the expression of key glycolysis genes in INR 

subjects. 

Our study has some notable limitations. The number of patients per groups was relatively small, 

a phenomenon that is offset by the study design that makes the groups of study more 

comparable and also because the sample size in untargeted metabolomics is considered less 
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relevant than in other types of studies. Also, no standard definition for the immunological 

response is available and therefore the threshold of 250 of CD4+ T-cellsL could seem 

somewhat arbitrarily set for the present study. In this regard, we have previously validated that 

patients receiving cART with CD4+ T-cell counts persistently below 250 cells/µl are poor 

immunological responders and are associated with worse clinical outcomes [10,12,15]. On the 

other hand, to avoid CD4+ T-cells as a confounding factor, HIV-infected subjects were matched 

by pre-cART CD4+ T cell count and other confounding factors, that making our results more 

consistent in the search of a predictive metabolomic signature. However, lower median values 

in INR subjects can be observed compared to IR subjects, probably due to the relevance of the 

CD4+ T-cell count before cART onset as an intrinsic risk factor of immune failure to cART.  

In conclusion, this study presents novel and relevant data that corroborate our previous 

observation that inflammation and CD4+ T-cell turnover are strongly linked in this context [12] 

and contributes to a better understanding of the molecular mechanisms preceding a discordant 

response and immunological progression under suppressive cART. NMR and MS-based 

metabolomics can be prognostic immunological progression tools, and their combination with 

traditional soluble parameters increases the metabolomic biomarker value. The knowledge of 

how these metabolic pathways are interconnected and regulated provides new targets for future 

therapeutic interventions not only in HIV infection but also to other metabolic disorders.  

Cell cycle regulation and T-cell turnover seem to promote the expression of pro-inflammatory 

molecules and downregulate the characteristic pathways of quiescent cells in favor of 

glutaminolysis in an attempt to offset the CD4+ T-cell exhaustion in INR subjects even after 96 

weeks of cART. A specifically reduced thymic output in INR subjects could be the driver for 

the high requirement of their profoundly depleted CD4 T-cells to consequently switch on 

glutaminolysis, an alternative pathway of rapid energy production previously related to the 

proliferation of tumor cells. Additionally, metabolomic profiling supports previous studies 

suggesting that damage of GI tract and microbial translocation are associated with poor immune 

recovery in HIV-infected subjects under suppressive cART and highlight the diverse 
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functionality of HDL particles, especially by their relation to glucose metabolism and the 

regulation of pro-inflammatory cytokines/chemokines in INR subjects.  
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Figure legends 

Figure 1. Baseline integrated data associated with poor immune recovery 

(A) Two-dimensional PLS-DA score plot of metabolomics and lipidomics analyses 

distinguishes INR subjects (red dots) from IR subjects (green dots). (B) Entities (arbitrary units) 

that clearly distinguish INR subjects from IR subjects in the univariate test (Mann-Whitney U 

test). Data are presented as mean ± SEM. (C) Plot shows the mean decrease accuracy (MDA) 

from Random Forest (RF) analysis, ranking variables (MDA > 5.5) according to their 

prognostic importance for immune recovery. dGMP, deoxyguanosine 5’-monophosphate; a.u., 

arbitrary units. 

Figure 2. Network interactions associated with baseline poor immune recovery 

(A) Network of metabolite-protein interaction generated with the set of 35 parameters that 

constitute the best predictors of immune recovery according the Random Forest model. The 

names of the integrated data (soluble protein markers and metabolites) were used as input in the 

Search Tool for Interactions of Chemicals (STITCH) database. (B) The STITCH database 

identified different functional enrichments associated with our network using the false discovery 

rate (FDR). The strong biological process and KEGG pathways included the expected IL-6-

mediated signaling pathways but also microbial translocation, inflammatory bowel disease 

(IBD) and glutamate metabolism, among others. CNTFR, ciliary neurotrophic factor receptor; 

NAFLD, non-alcoholic fatty liver disease. Glutamate metabolism refers to alanine, aspartate and 

glutamate metabolism.  

Figure 3. Plasma lipoprotein metabolism and metabolome associated with immune 

recovery after cART 

(A) Plasma lipoprotein characteristics and TGF concentration associated with immune 

recovery after 96 weeks of cART. Data are presented as box and whiskers plots (min to max). 

(B) Two-dimensional PLS-DA scatter plot constructed with plasma metabolomic and lipidomic 
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entities clearly distinguishes IR subjects (green dots) from INR subjects (red dots). (C) Data 

presented as mean ± SEM from metabolites differentially expressed between INR subjects from 

IR subjects in the univariate U-test. (D) Plot shows the mean decrease accuracy (MDA) from 

Random Forest analysis ranking parameters (MDA > 10) according to their prognostic 

importance for immune recovery. (E) The STITCH database illustrated the association between 

CD4, “glutamate” and “TGF- family” using the false discovery rate (FDR).  

Figure 4. Longitudinal evolution of the lipoprotein profile in a follow-up subgroup of 8 

INR and 9 IR subjects in comparison with a group of healthy volunteers 

(A) Both, INR subjects and IR subjects exhibited increased LDL-C and LDL-P after 96 weeks 

of cART. Whereas INR subjects values remained significantly lower compared to the control 

group, IR subjects reached similar values to healthy volunteers (H-subjects). (B) HDL-C and 

HDL-P exhibited a surprising slight increase in INR subjects achieving comparable values to 

healthy subjects, but remained lower in IR subjects compared to healthy subjects. Comparisons 

between groups were performed with Mann-Whitney (MW) tests for unpaired samples and 

Wilcoxon t-test for paired samples (W). B was the abbreviation used for pre-cART values, and 

P was the abbreviation used for values after 96 weeks of cART. 

Figure 5. Hierarchal clustering of metabolites altered during cART   

(A) Hierarchical clustering of a set of 35 metabolites that were different throughout the follow-

up in both groups of HIV patients and different between healthy volunteers and HIV-infected 

patients at 96 weeks of cART.  

 













Table 1. Pre-cART characteristics of HIV-infected subjects. 

 
All patients 

(n = 41) 

INR subjects 

(n =18) 

IR subjects 

(n=23) 
P- value 

Clinical characteristics     
Age at cART initiation (years) 42 (34-51) 42 (33-55) 41 (33-49) 0.52 
Risk factor    0.03 

   Heterosexual 11 (26.8) 8 (19.5) 3 (7.3)  
   Homo/Bisexual 23 (56.1) 6 (14.6) 17 (41.5)  
   Intravenous drug abuse 4 (9.8) 1 (2.4) 3 (7.3)  
   Other 1 (2.4) 1 (2.4) -  
   Unknown 2 (4.9) 2 (4.9) -  
CD4 T-cell count (cells/µL) 86 (63-161) 81 (44-143) 144 (74 -166) 0.17 
CD8 T-cell count (cells/µL) 645 (574-1083) 598 (578-923) 889 (538-1642) 0.35 
CD4/CD8 T-cell ratio  0.13 (0.08-0.26) 0.11 (0.07-0.27) 0.15 (0.10-0.25) 0.46 
Plasma HIV RNA load (log copies/mL) 4.86 (4.42-5.32) 4.96 (4.13-5.29) 4.77 (4.54-5.32) 0.95 
AIDS-related illness    0.34 
   Yes 10 (24.4) 5 (12.2) 5 (12.2)  
   No 25 (61.0) 12 (29.3) 13 (31.7)  
   Unknown 6 (14.6) 1 (2.4) 5 (12.2)  
HCV co-infection    0.41 
   Positive 3 (7.5) 2 (5.0) 1 (2.5)  
   Negative 29 (72.5) 13 (32.5) 16 (40.0)  
   Unknown 8 (20.0) 2 (5.0) 6 (15.0)  

Data are presented as n (%) or median (interquartile range). Categorical data were compared by means of a 2 test, whereas continuous data were compared 

using the Mann- Whitney test. 

AIDS was diagnosed according the CDC1993 criteria. P value < 0.05 was considered significant and is highlighted in bold. 
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Supplementary Table 1: Selected soluble plasma biomarkers in cART-naïve HIV-infected subjects 

 All patients 
(n = 34) 

INR subjects 
(n =17) 

IR subjects 
(n=17) P- value 

Soluble biomarkers     
   Inflammation     
      IL-6 (pg/mL) 5.2 (3.4-8.6) 7.3 (3.6-12.5) 4.8 (2.9-6.2) 0.03 
      hsCRP (mg/L) 2.4 (0.8-6.1) 3.1 (0.8-9.4) 2.1 (0.8-3.7) 0.19 
      hsCRP ≥5 mg/L (%) 10 (29) 8 (48) 2 (11) 0.02 
   Immune activation/suppression     
      IP-10 (pg/mL) 710.2 (322.7-1468.0) 573.4 (299.8-1624.0) 763.6 (506.9-1157.7) 0.93 
      log sCD14 (ng/mL) 3.5 (3.4-3.7) 3.5 (3.4-3.7) 3.5 (3.4-3.7) 0.76 
      log TGF-b (pg/mL) 4.3 (3.9-4.5) 4.2 (3.8-4.5) 4.3 (4.1-4.5) 0.50 
   Microbial translocation     
      LPS (EU/mL)  0.2 (0.1-0.2) 0.2 (0.1-0.2) 0.2 (0.1-0.3) 0.18 
   Endothelial dysfunction     
      sICAM-1 (ng/mL) 5.4 (5.2-5.5) 5.4 (5.2-5.5) 5.4 (5.2-5.5) 0.68 
      sVCAM-1 (ng/mL) 5.3 (5.4-5.7) 5.3 (5.4-5.7) 5.5 (5.4-5.6) 0.46 
   Platelet activation     
      sCD40L (pg/mL) 145.1 (46.6-378.1) 110.4 (40.6-396.6) 149.3 (52.7-275.2) 0.90 
   Coagulation     
      D-dimer (πg/L) 448 (260-916) 400 (253-866) 485 (251-1006) 0.44 

Data are presented as median (interquartile range) and compared using the Mann- Whitney test. 

All P values < 0.05 were considered significant and are highlighted in bold. 
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Supplementary Table 2. Pre-cART NMR lipoprotein characteristics of study patients using 
Liposcale test. 

 INR subjects 
(n=18) 

IR subjects 
(n=23) P-Value 

Cholesterol concentration, mg/dL 
   VLDL-C 12.24 (9.62-19.37) 13.63 (11.95-18.31) 0.76 
   IDL-C 8.41 (6.01-10.23) 7.38 (11.95-18.31) 0.43 
   LDL-C 79.19 (65.98-91.96) 80.11 (65.54-93.49) 0.75 
   HDL-C 30.61 (28.79-35.64) 28.40 (26.18-33.87) 0.11 
Triglycerides concentration, mg/dL 
   VLDL-Tg 54.26 (39.18-78.59) 61.13 (42.20-69.01) 0.65 
   IDL-Tg 8.42 (6.39-11.33) 7.98 (5.58-9.38) 0.39 
   LDL-Tg 12.13 (8.19-16.91) 12.19 (5.49-16.18) 0.51 
   HDL-Tg 11.16 (10.36-14.31) 12.46 (8.84-13.84) 0.87 
Very low-density particle (VLDL-P) concentration, nmol/L 
   Total VLDL-P 32.28 (26.10-55.57) 41.80 (30.34-47.76) 0.56 
   Large VLDL-P 1.17 (0.79-1.56) 1.25 (0.74-1.53) 0.81 
   Medium VLDL-P 6.01 (4.58-8.12) 6.54 (4.81-7.30) 0.96 
   Small VLDL-P 27.73 (20.89-45.76) 32.94 (24.81-40.04) 0.55 
Low-density particle (LDL-P) concentration, nmol/L 
   Total LDL-P 564.56 (497.24-660.69) 594.61 (487.69-713.97) 0.79 
   Large LDL-P 73.05 (64.25-90.01) 76.66 (59.32-84.50) 0.83 
   Medium LDL-P 196.30 (180.48-237.15) 193.90 (139.69-266.70) 0.67 
   Small LDL-P 302.30 (253.82-335.89) 332.55 (267.25-373.28) 0.37 
High-density particle (HDL-P) concentration, μmol/L 
   Total HDL-P 18.91 (16.15-21.69) 17.81 (16.09-19.06) 0.29 
   Large HDL-P 0.09 (0.075-0.13) 0.07 (0.04-0.09) 0.07 
   Medium HDL-P 6.13 (5.30-6.83) 5.92 (5.08-6.40) 0.21 
   Small HDL-P 12.71 (10.09-15.07) 11.85 (10.73-13.44) 0.41 
Particle size, nm 
   VLDL z 42.83 (42.68-43.11) 42.85 (42.46-43.04) 0.43 
   LDL z 21.06 (20.93-21.16) 20.94 (20.90-21.10) 0.09 
   HDL z 8.22 (8.19-8.27) 8.22 (8.19-8.26) 0.70 
Others    
Non- HDL particles, nmol/L 576.49 (547.21-682.74) 620.60 (514.42-745.12) 0.83 
Total-P/HDL-P ratio 33.21 (24.84-39.64) 35.60 (30.75-42.63) 0.33 
LDL-P/HDL-P ratio 31.31 (22.75-37.82) 33.33 (28.79-39.74) 0.43 
 

Data are expressed as median (interquartile range).  

Data were compared using the non-parametric Mann-Whitney U-test. All P values >0.05 but 
<0.15 were considered relevant for results interpretation and are italicized. 

  



5 
 

Supplementary Table 3. Liposcale lipoprotein characterization of 17 HIV-infected subjects 
after 96 weeks of cART. 

 INR subjects 
(n=9) 

IR subjects 
(n=8) P-Value 

Cholesterol concentration, mg/dL 
   VLDL-C 16.46 (7.71-25.77) 20.21 (5.44-25.38) 0.85 
   IDL-C 7.40 (5.58-13.11) 7.26 (3.47-17.49) 0.92 
   LDL-C 92.79 (78.19-98.16) 102.97 (74.18-142.83) 0.15 
   HDL-C 42.14 (33.39-50.87) 33.65 (30.42-37.63) 0.05 
Triglycerides concentration, mg/dL 
   VLDL-Tg 55.81 (37.45-88.38) 60.87 (42.08-80.91) 0.70 
   IDL-Tg 8.46 (5.94-14.46) 9.35 (5.03-15.13) 1.00 
   LDL-Tg 14.97 (10.58-18.75) 12.62 (9.43-29.95) 0.88 
   HDL-Tg 12.18 (8.77-20.10) 9.45 (6.19-13.86) 0.23 
Very low-density particle (VLDL-P) concentration, nmol/L 
   Total VLDL-P 39.65 (24.01-59.59) 42.78 (27.11-57.83) 0.70 
   Large VLDL-P 1.20 (0.73-2.57) 1.48 (0.78-1.97) 0.92 
   Medium VLDL-P 6.38 (4.03-9.89) 7.66 (4.19-9.09) 0.57 
   Small VLDL-P 32.06 (19.21-47.13) 33.62 (21.72-46.77) 0.77 
Low-density particle (LDL-P) concentration, nmol/L 
   Total LDL-P 630.67 (541.98-745.88) 747.51 (526.44-1143.05) 0.34 
   Large LDL-P 91.29(77.13-98.10) 84.97 (73.66-154.87) 0.92 
   Medium LDL-P 259.10 (201.53-270.01) 267.96 (178.35-386.17) 0.44 
   Small LDL-P 296.19 (248.47-380.34) 408.34 (260.32-598.43) 0.25 
High-density particle (HDL-P) concentration, μmol/L 
   Total HDL-P 21.19 (17.73-32.85) 19.13 (17.39-19.58) 0.08 
   Large HDL-P 0.13 (0.06-0.16) 0.11 (0.09-0.12) 0.73 
   Medium HDL-P 6.55 (5.61-10.32) 5.20 (4.27-5.74) 0.02 
   Small HDL-P 14.78 (11.47-22.46) 13.73 (11.87-14.49) 0.25 
Particle size, nm 
   VLDL z 42.82 (42.68-42.89) 42.81 (42.62-43.02) 0.85 
   LDL z 21.13 (21.01-21.36) 20.99 (20.89-21.09) 0.10 
   HDL z 8.25 (8.19-8.26) 8.17 (8.14-8.19) 0.04 
Others    
Non- HDL particles, nmol/L 629.13 (557.37-785.97) 752.73 (561.94-1214.63) 0.39 
Total-P/HDL-P ratio 32.25 (22.06-36.03) 39.24 (30.50-71.59) 0.08 
LDL-P/HDL-P ratio 29.92 (19.69-34.58) 38.07 (27.59-69.08) 0.07 
 

Data are expressed as median values (interquartile range). 

Values were compared using the non-parametric Mann-Whitney U-test. All P values < 0.05 
were considered significant and are highlighted in bold. All P values >0.05 but <0.15 were 
considered relevant for results interpretation and are italicized. 
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Supplementary Table 4: Soluble plasma biomarkers after 96 weeks of cART. 

 

 INR subjects 
(n =6) 

IR subjects 
(n=5) P- value 

Soluble biomarkers    
   Inflammation    
      IL-6 (pg/mL) 4.16 (2.10-9.04) 4.03 (3.70-4.55) 1.00 
      hsCRP (mg/L) 1.30 (0.30-8.82) 0.70 (0.32-1.30) 0.28 
   Immune activation/suppression    
      IP-10 (pg/mL) 177.05 (83.97-577.51)# 188.36 (91.04-280.37) 0.83 
      log sCD14 (ng/mL) 3.40 (3.33-3.86) 3.62 (3.54-3.79) 0.39 
      log TGF-b (pg/mL) 4.05 (3.87-4.39) 4.54 (4.43-4.67) 0.03 
   Microbial translocation    
      LPS (EU/mL) 0.18 (0.09-0.21) 0.11 (0.08-0.13) 0.16 
   Endothelial dysfunction    
      sICAM-1 (ng/mL) 5.23 (5.14-5.34) 5.24 (5.18-5.36) 0.91 
      sVCAM-1 (ng/mL) 5.50 (5.19-5.64) 5.32 (5.21-5.41) 0.52 
   Platelet activation    
      sCD40L (pg/mL) 120.37 (13.79-258.35)# 236.65 (158.38-340.17) 0.29 
   Coagulation    
      D-dimer (πg/L) 352 (162-801) 421 (254-577) 1.00 

Data are presented as median (interquartile range) and compared using the Mann- Whitney test. 

All P values < 0.05 were considered significant and are highlighted in bold. 
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Supplementary Table 5. Plasma metabolome entities (n = 35) associated with immune reconstitution in HIV infection. 

Compound Reference 
INR subjects (n = 9) IR subjects (n = 8) H-subjects 

(n = 9) Baseline 96 weeks Baseline 96 weeks 
P values <0.05 in INR-subjects and IR-subjects at 96 weeks compared to H-subjects in the Mann-Whitney U-test 

Bilirubin HMDB0000054 0.024(0.016-0.052) 0.041(0.014-0.041) 0.021(0.011-0.077) 0.029(0.017-0.122) 0.314(0.197-0.498) 

L-Tryptophan HMDB0000929 0.785(0.049-1.077) 0.822(0.753-1.124) 0.854(0.611-0.984) 0.957(0.837-1.190) 1.321(1.115-1.395) 

Uric acid HMDB0000289 0.079(0.069-0.122) 0.081(0.066-0.119) 0.097(0.086-1.190) 0.075(0.060-1.024) 0.147(0.098-0.188) 

SM (41:1) SM(d16:1/25:0) 0.022(0.0181-0.030) 0.029(0.020-0.033) 0.027(0.016-0.038) 0.027(0.018-0.037) 0.038(0.033-0.050) 

SM (40:1) HMDB0012103 1.001(0.0677-0.121) 0.104(0.086-0.149) 0.109(0.075-0.157) 0.111(0.079-0.157) 0.129(0.122-0.193) 

P values <0.05 in longitudinal evaluation of INR-subjects (Wilcoxon-test) 

Phenylacetic acid HMDB0000209 0.088(0.055-0.139) 0.122(0.068-0.302) 0.075(0.059-0.114) 0.104(0.071-0.184) 0.255(0.153-0.321) 

Trans-4-Hydroxy-L-
proline 

HMDB0000725 0.279(0.185-0.331) 0.328(0.247-0.367) 0.321(0.247-0.389) 0.390(0.289-0.403) - 

SM(38:2) SM(d16:1/22:1) 0.017(0.011-0.029) 0.027(0.019-0.042) 0.023(0.014-0.054) 0.036(0.019-0.046) 0.033(0.028-0.047 

SM(40:2) HMDB11694 0.079(0.057-0.105) 0.096(0.079-0.143) 0.086(0.069-0.187) 0.127(0.068-0.168) 0.127(0.122-0.166) 

P values <0.05 in longitudinal evaluation of IR-subjects (Wilcoxon-test) 

2-hydroxy-4- (methylthio) 
butyric acid 

HMDB0037115 0.082(0.041-0.138) 0.076(0.061-0.112) 0.049(0.041-0.061) 0.076(0.063-0.094) 0.092(0.085-0.101) 

5(d)-Aminolevulinic Acid HMDB0001149 0.638(0.616-0.921) 0.737(0.552-0.771) 0.737(0.619-0.916) 0.869(0.776-0.921) 0.367(0.367-0.367) 

L-Isoleucine HMDB0000172 0.474(0.280-0.510) 0.397(0.343-0.457) 0.344(0.277-0.412) 0.432(0.375-0.581) 0.453(0.391-0.549) 

Pyroglutamic acid HMDB0000267 0.071(0.051-0.087) 0.084(0.066-0.097) 0.074(0.068-0.095) 0.101(0.079-0.119) 0.111(0.083-0.132) 
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P values <0.05 in longitudinal evaluation of IR-subjects (Wilcoxon-test) 
P values <0.05 in INR-subjects after 96 weeks of ART compared to healthy volunteers in the Mann-Whitney U-test 

Creatinine HMDB0000562 0.083(0.069-0.120) 0.094(0.091-0.122) 0.096(0.097-0.119) 0.129(0.101-0.155) 0.141(0.127-0.158) 

Indoleacrylic acid HMDB0000734 0.018(0.014-0.029) 0.021(0.019-0.030) 0.023(0.018-0.027) 0.031(0.023-0.033) 0.033(0.029-0.036) 

P values <0.05 in longitudinal evaluation of IR-subjects (Wilcoxon-test) 
P values <0.05 in INR-subjects and IR-subjects after 96 weeks of ART compared to healthy volunteers in the Mann-Whitney U-test 

1-Indanone HMDB0059602 0.041(0.033-0.060) 0.049(0.038-0.057) 0.047(0.034-0.051) 0.058(0.043-0.064) 0.068(0.068-0.076) 

Indole-3-Carbinol HMDB0005785 0.020(0.014-0.025) 0.024(0.017-0.027) 0.019(0.016-0.024) 0.025(0.024-0.031) 0.032(0.0291-0.035) 

PC(34:2) LMGP01010596 0.845(0.729-0.943) 0.890(0.670-1.018) 0.920(0.745-1.307) 0.878(0.689-1.031) 1.063(1.012-1.116) 

P values <0.05 in INR-subjects after 96 weeks of ART compared to healthy volunteers in the Mann-Whitney U-test 

1-Methylhistidine HMDB0000001 0.016(0.013-0.039) 0.020(0.011-0.029) 0.025(0.017-0.031) 0.0189(0.014-0.030) 0.047(0.027-0.060) 

1-Monopalmitin HMDB0031074 0.025(0.0158-0.033) 0.019(0.013-0.029 0.028(0.014-0.046) 0.033(0.019-0.065) 0.051(0.035-0.063) 

2-Phenylacetamide HMDB0010715 0.119(0.085-0.149) 0.108(0.072-0.148) 0.071(0.058-0.080) 0.087(0.056-0.229) 0.232(0.138-0.267) 

5-Methylcytidine HMDB0000982 0.017(0.015-0.020) 0.018(0.016-0.022) 0.026(0.014-0.033) 0.032(0.018-0.040) 0.029(0.024-0.040) 

cis-9-palmitoleic acid HMDB0003229 0.012(0.012-0.012) 0.057(0.020-0.057) 0.009(0.009-0.009) 0.020(0.020-0.020) 0.656(0.574-0.853) 

Glycocholic Acid HMDB0000138 0.119(0.060-0.178) 0.076(0.065-0.138) 0.152(0.093-0.252) 0.162(0.104-0.385) 0.208(0.136-0.312) 

Hypoxanthine HMDB0000157 0.280(0.039-1.439) 0.120(0.066-0.150) 0.089(0.057-0.120) 0.122(0.116-0.207) 0.031(0.028-0.031) 

L-Glutamate HMDB0000148 0.006(0.005-0.006) 0.006(0.004-0.011) 0.022(0.016-0.040) 0.023(0.017-0.045) 0.021(0.015-0.023) 

L-Lysine HMDB0000182 0.016(0.011-0.021) 0.012(0.009-0.014) 0.014(0.011-0.016) 0.014(0.011-0.024) 0.0190(0.016-0.023) 

L-Proline HMDB0000162 0.135(0.095-0.152) 0.133(0.101-0.171) 0.162(0.126-0.200) 0.175(0.141-0.205) 0.174(0.158-0.212) 

L-Valine HMDB0000883 0.197(0.166-0.447) 0.189(0.154-0.274) 0.219(0.209-0.282) 0.245(0.221-0.279) 0.271(0.237-0.356) 
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5-Aminopentanoic acid HMDB0003355 0.035(0.031-0.035) 0.037(0.024-0.047) 0.036(0.031-0.045) 0.061(0.036-0.068) 0.055(0.049-0.061) 

Palmitoylcarnitine HMDB0000222 0.107(0.049-0.224) 0.081(0.056-0.115) 0.161(0.067-0.177) 0.121(0.059-0.308) 0.183(0.099-0.205) 

PC(36:5) C00157 (KEEG) 0.025(0.010-0.034) 0.017(0.011-0.024) 0.022(0.014-0.044) 0.029(0.0179-0.037) 0.032(0.026-0.050) 

SM(32:1) HMDB0012097 0.054(0.048-0.072) 0.067(0.052-0.072) 0.070(0.055-0.144) 0.094(0.050-0.123) 0.100(0.082-0.122) 

SM(42:2) HMDB0012107 0.288(0.179-0.432) 0.308(0.291-0.337) 0.307(0.232-0.489) 0.315(0.227-0.403) 0.364(0.328-0.437) 

P values <0.05 in IR-subjects after 96weeks of ART compared to healthy volunteers in the Mann-Whitney U-test 

Citrulline HMDB0000904 0.010(0.007-0.013) 0.022(0.017-0.028) 0.026(0.011-0.028) 0.025(0.024-0.030) 0.014(0.014-0.022) 

 

Data are expressed as median (IQR). HMDB was the abbreviation used for Human Metabolome Database (http://www.hmdb.ca/) 
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Supplementary Figure1: Liposcale lipoprotein particle profile in a follow up subgroup of 9 INR and 8 IR compared to a group of healthy volunteers. 

 

(A) LDL particle subclasses were completely recovered in IR subjects achieving similar values of healthy subjects (H-subjects). (B) The number of HDL 

particles increased in HIV-infected subjects but remained lower in the subset of IR subjects compared to H-subjects. Comparisons between groups were 

performed with Mann-Whitney (MW) tests for unpaired samples and Wilcoxon t-test for paired samples (W). B was the abbreviation used for pre-cART 

values and P was the abbreviation used for values after 96 weeks of cART.  
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Supplementary Figure2: Longitudinal evaluation of soluble plasma biomarkers. 

 

The introduction of cART clearly decreased inflammation (IL-6), immune activation (IP-10), endothelial dysfunction (ICAM-1, VCAM-1) and coagulation in 

all HIV-infected subjects, although differences were only significant for IP-10, ICAM-1 and VCAM-1 in INR subjects (red color). By contrast, microbial 

translocation was increased in INR subjects but decreased in IR subjects (green color) (not statistically significant). Comparisons between groups were 

performed using Wilcoxon t-test for paired samples (*P<0.05 were considered significant). B was the abbreviation used for pre-cART values and P was the 

abbreviation used for values after 96 weeks of cART. Data are presented as mean ± SEM.  
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