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Background. This study examined the changes in the lipidome and associations with immune activation and cardiovascular
disease (CVD) markers in youth with perinatally acquired human immunodeficiency virus (YPHIV).

Methods. The serum lipidome was measured in antiretroviral therapy (ART)-treated YPHIV (n=100) and human
immunodeficiency virus-uninfected children (n=98) in Uganda. Plasma markers of systemic inflammation, monocyte
activation, gut integrity, and T-cell activation, as well as common carotid artery intima media thickness and pulse wave velocity
(PWYV), were evaluated at baseline and 96 weeks.

Results.  Overall, median age was 12 years, and 52% were females. Total cholesterol, low-density lipoprotein (LDL), and high-
density lipoprotein were similar between the groups; however, the concentrations of ceramides, diacylglycerols, free fatty acids,
lysophosphatidylcholines, and phosphatidylcholines were higher in YPHIV (P <.03). Increases in phosphatidylethanolamine
(16:0 and 18:0) correlated with increases in soluble CD163, oxidized LDL, C-reactive protein, intestinal fatty acid binding

protein, and PWV in YPHIV (r > 0.3).

Conclusions. YPHIV successfully suppressed on ART have elevated lipid species that are associated with CVD, specifically

palmitic acid (C16:0) and stearic acid (C18:0).
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Wide access to antiretroviral therapy (ART) has transformed hu-
man immunodeficiency virus (HIV) from a fatal condition into a
chronic disease. Today, there are approximately 5.1 million ado-
lescents and young adults with HIV aged <25 years—millions
with perinatally acquired HIV—most of whom (78%) reside in
sub-Saharan Africa [1]. Non-AIDS events such as cardiovascular
disease (CVD) are becoming major causes of mortality and mor-
bidity in adults with HIV [2, 3] and are threatening the success of
ART.

Dyslipidemia is traditionally assessed with high-abundance
lipids. New methods have been developed that allow for a finer
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characterization of these elements. “Lipidomics” is a branch of
metabolomics and applies to studying lipid metabolism on a
broad scale. Lipids are a diverse group of biomolecules that
can store energy, activate genes, and modulate signaling path-
ways [4]. Current advancements in mass spectrometry allow
the discovery and study of low-abundance lipids, which may cir-
culate at micromolar or nanomolar blood levels [5].

Lipid species provide information about the total number of
carbons and double bonds or saturation. Medium-sized satu-
rated lipid classes and specifically ceramides (CERs), cholesterol
esters (CEs), diacylglycerols (DAGs), sphingomyelins (SMs),
and the phospholipids phosphatidylcholines (PCs) and phos-
phatidylethanolamines (PEs) are known to be associated with
increased risk of CVD [6-8]. Long chain polyunsaturated fatty
acids, on the other hand, are known to be cardioprotective [9].

HIV replication, its treatment with ART, and the inflammatory
consequences of HIV infection all contribute to perturbations in
metabolic and lipid profiles [10, 11]. Despite having similar tradi-
tional lipid panels, adults with HIV have elevated total free fatty
acid levels compared to seronegative adults [12], and lipids with
saturated chains have shown an association with increased risk
of carotid artery plaque as measured by intima media thickness
(IMT) over time [13]. The pathophysiological contributions of
individual lipid species on CVD and inflammation in youth
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with perinatally acquired HIV (YPHIV) are largely unknown.
In addition, there are unique differences in HIV and ART expo-
sure (in utero) and treatment during periods of critical develop-
ment that may exacerbate comorbidities in this population and
lead to divergent mechanistic pathways compared to adults. We
have previously reported in a pilot study lipidome differences be-
tween YPHIV and HIV-negative (HIV™) youth (N = 20) [14]. The
current study investigates further the lipidomic signatures in the
larger Ugandan cohort to (1) identify lipid perturbations
specifically associated with HIV compared to lipid profiles in
HIV™ youth, (2) determine whether alterations in the lipidome
are associated with systemic inflammation and immune activation
in YPHIV, and (3) elucidate whether alterations in proinflamma-
tory lipid pathways are associated with subclinical vascular disease
in YPHIV over 96 weeks.

MATERIALS AND METHODS

Study Design

This is a longitudinal analysis of data at baseline and 96 weeks
later, from an observational cohort study of YPHIV and HIV~
children prospectively enrolled at the Joint Clinical Research
Center in Kampala, Uganda, as previously described [15, 16].
The study was approved by the Research Ethics Committee
of the Ugandan National Council of Science and Technology
as well as the institutional review board of the University
Hospitals Cleveland Medical Center, Cleveland, Ohio.
Caregivers gave written informed consent, and participants
provided written informed assent as per research guidelines
in Uganda. Inclusion criteria included ages between 10-18
years; those with active coinfections (malaria, tuberculosis, hel-
minthiasis, pneumonia, and meningitis) as well as malnutrition
or diarrhea in the last 3 months, those with pregnancy or intent
to become pregnant, and those with diabetes or heart disease
were excluded. YPHIV participants were on ART for at least
2 years with a stable regimen for at least the last 6 months
with HIV-1 RNA <400 copies/mL. HIV™ children were tested
during clinic visits to confirm HIV-seronegative status.

Study Evaluations

Blood was drawn after an 8-hour fast. Blood was processed and se-
rum, plasma, and peripheral blood mononuclear cells (PBMCs,
both collected in ethylenediaminetetraacetic acid tubes) were
cryopreserved for shipment to University Hospitals Cleveland
Medical Center, Ohio.

Cellular Markers of Monocyte and T-Cell Activation

Monocyte and T cells were phenotyped by flow cytometry
[15]. CD4" and CD8" T-cell activation was defined as expres-
sion of CD38 and/or HLA-DR. Monocyte subset proportions
were determined by the relative expression of CD14 and
CD16.

Inflammation, Soluble Immune Activation, and Gut Markers

Biomarkers were selected based on prior data from YPHIV indi-
viduals in Uganda [17] as well as from adults with HIV showing
association with CVD and other end organ diseases. Soluble
CD14 (sCD14, R&D Systems, Minneapolis, Minnesota) is a solu-
ble marker of monocyte activation. Plasma markers of monocyte
activation (soluble CD163 [sCD163]), systemic inflammation
(soluble tumor necrosis factor receptor I), high-sensitivity
C-reactive protein (hsCRP), interleukin 6, and oxidized lipids (ox-
idized low-density lipoprotein [OXxLDL]) were measured by
enzyme-linked immunosorbent assay (R&D Systems; ALPCO,
Salem, New Hampshire; and Mercodia, Uppsala, Sweden). The
intra-assay variability ranged between 4% and 8% and interassay
variability was less than 10% for all markers. All assays were per-
formed at the laboratory of N. T. F. at Ohio State University,
Columbus. Laboratory personnel were blinded to group assign-
ments and timepoints of the study evaluations.

Subclinical Vascular Disease

Intima media thickness and pulse wave velocity (PWV) mea-
surements were performed in a standardized fashion as previ-
ously described [16].

Lipidomic Analysis

Lipidomic analysis of fasting serum samples was performed using
the Sciex Lipidyzer platform (Sciex, Framingham, Massachusetts)
[14]. Lipidyzer is a validated platform for quantitative lipidomics
that utilizes a 5500 QTRAP-MS with SelexION differential ion
mobility technology for sensitive and selective lipid analysis of
the following lipid classes: CE, CER, DAG, dihydroceramide
(DCER), free fatty acid (FFA), hexosylceramide (HCER), lacto-
sylceramide (LCER), lysophosphatidylcholine (LPC), lysophos-
phatidylethanolamine (LPE), PC, PE, SM, and triacylglycerol
(TAG). Approximately 1100 blood lipids spanning 13 lipid clas-
ses were profiled and quantitated using optimized mass spec-
trometry/mass spectrometry transitions for the targeted serum
lipid species in addition to the stable isotope-labeled internal
standards used for quantification. Results were expressed as con-
centration (pumol) of individual lipid species, of lipids grouped by
class, and as composition or %mol contribution to the sum of all
measured lipids. Lipidome assays were performed in the Nutrient
and Phytochemical Analytic Shared Resource at Ohio State
University.

Statistical Analyses

Baseline demographic and clinical characteristics were described
using frequencies and percentages for categorical variables and
median and interquartile range (IQR) for continuous variables.
Baseline differences between YPHIV and HIV™ children were de-
termined using the y* test for categorical measures and the
Wilcoxon rank-sum test for continuous measures. Differences
in lipid class composition and concentration between YPHIV
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and HIV™ at baseline were assessed using 2-sample ¢ test, and dot
plots were used to illustrate these differences. Comparisons of the
average changes in these measures from baseline to 96 weeks
between the 2 groups were assessed using a paired ¢ test, and
the average trends over time were shown using line plots stratified
by group. In a subgroup analysis of YPHIV, effect modification of
lipid composition and concentration by integrase strand transfer
inhibitor (INSTI) medication change during the study period was
investigated using a mixed-effects model with an interaction be-
tween time and INSTI medication change. Normality and homo-
scedasticity assumptions of statistical tests were satisfied using
Q-Q plots and residual plots, where appropriate. Associations be-
tween changes in lipid levels and changes in immune activation
markers and CVD measures were analyzed using Spearman cor-
relations. To aid in the visualization of the complex relationships
between all lipid species (as described in the lipidomic section)
and biological markers, relevance network graphs were created
using Gephi 0.10.1. We required that the correlation coefficients
presented in the graphs met the following criteria: (1) at least 50%
of the data were nonmissing, and (2) the correlation coefficient
was >|0.4| for immune activation markers or >|0.3| for CVD
measures. For CVD measures, the 0.3 cutoff was chosen because
all correlations were <0.4. P values were adjusted for multiple
comparisons using the false discovery rate method. Significance
was assessed at the .05 level and all other analyses were performed
using SAS 9.4 software.

RESULTS

Baseline Characteristics

Baseline characteristics are highlighted in Table 1. A total of
198 participants were included (100 YPHIV and 98 HIV™).
Median age was 13 (IQR, 11.4-14.4) years, and 52% of partic-
ipants were female. Overall, median body mass index (BMI)
was 17.8 (IQR, 15.9-19.2) kg/mz. Among YPHIV, median
CD4 cell count was 988 (IQR, 631-1210) cells/pL. At baseline,
84% YPHIV had viral load <50 copies/mL and remained unde-
tectable at week 96. At baseline, 64% were on a nonnucleoside
reverse transcriptase inhibitor-containing regimen, 28% were
on lopinavir/ritonavir, and 2 participants were on dolutegravir;
72% had a past history of thymidine exposure (zidovudine,
stavudine, didanosine). During the 96-week study period,
53% of participants had drug substitutions, 85% of whom
switched to lamivudine, tenofovir, and dolutegravir for regi-
men optimization based on the Ugandan Ministry of Health
HIV guidelines [18].

Median ART duration was 10 years; all YPHIV were on co-
trimoxazole for Pneumocystis jirovecii pneumonia prophylaxis
based on Ugandan HIV guidelines [18], and none of the partic-
ipants were receiving tuberculosis medications. In dietary ques-
tionnaires, 85% of all participants stated using palm oil as the
primary oil consumed.

The Lipidome

At baseline, total cholesterol, LDL, and high-density lipoprotein
were similar between the groups; however, the composition and
concentration of several lipid classes were higher in the YPHIV
(Table 2). At baseline, the composition of total lipids was enriched
for LCER (P =.004), LPC (P =.001), and PC (P = .018); saturated
fatty acids were also significantly elevated in YPHIV. Lipid con-
centrations of CER (P <.001), DAG (P <.001), LPC (P < .001),
and PC (P < .001), as well as lipid classes that contain saturated fat-
ty acids, are shown in Figure 1 and were significantly higher
among YPHIV compared to levels in adolescents without HIV.
To note, LPC and PC composition and concentrations were
both higher in YPHIV at baseline.

At 96 weeks, overall decreases in lipid composition and concen-
trations were more pronounced in YPHIV. Specifically, several
lipid classes decreased in YPHIV: The proportional representation
of CER (P<.001), DAG (P<.001), HCER (P=.003), LPC
(P<.001), and PC (P <.001) within the lipid composition, as
well as lipid concentrations of FFA (P=.014) and LPC
(P=.036), decreased over time in YPHIV. However, the relative
levels of FFA and SM within total lipids, as well as HCER,
LCER, and LPE concentrations, increased in YPHIV (Table 3).
In subgroup analyses, except for the lipid composition of CE, there
was no differences in comparing lipid class changes over 96 weeks
between YPHIV who switched to INSTI versus YPHIV who did
not switch (Supplementary Table 1). Similarly, other than a milder
decrease in PC and a larger decrease in TAG lipid composition,
there was no difference over 96 weeks between YPHIV who re-
mained on a protease inhibitor (PI) during the study period com-
pared to those who were not on PIs (Supplementary Table 4).

Compared to HIV™ youth, DAG concentration remained
elevated in YPHIV at both baseline and week 96 (Figure 2).

Associations With Inflammatory and Gut Markers in YPHIV

In YPHIV, at baseline, several lipid classes correlated with
multiple biomarkers: (1) with monocyte activation: composition
of HCER and TAG correlated with sCD14 (p=.33, p=.2,
respectively), CER, DAG, DCER, LPC, and TAG correlated
with the proportional representation of inflammatory monocytes
(CD14*CD16"; p=.21-.36), and DAG, LPC, and TAG
correlated with patrolling monocytes (CD14%™CD16P*,
p =.20-.25); (2) with T-cell activation: LPC and TAG correlated
with activated CD4" T cells (CD4"CD3"HLA-DR"; p =.28 for
both); and DAG and TAG correlated with CD8" T cells
(CDS8'HLA-DR"; p = 22-28).

A network figure (Figure 3) highlights the associations in
YPHIV between changes in lipid species compositions and con-
centrations and inflammatory biomarkers over 96 weeks with a
correlation >|0.4|. Notable trends were only seen in YPHIV and
included (1) the association between increases in PE 18:0 with in-
creases in sSCD163, OxLDL, hsCRP, and intestinal fatty acid bind-
ing protein (I-FABP); and (2) the predominant association with
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Table 1. Baseline Demographic and Clinical Characteristics

YPHIV Total
Characteristic (n=100) HIV-Negative Children (n =98) (n=198) P Value?®
Age, y 12.9(11.5-14.7) 12.7 (11.2-14.3) 12.9 (11.4-14.4) .399
Female sex, No. (%) 53 (63.0) 51 (52.0) 104 (52.5) 910
HIV-related variables
VL <20 copies/mL, No. (%) 84 (84.0)

CD4* count, cells/ul
CD4%
CD4" count nadir, cells/uL
ART duration, y
ART regimen, No. (%)
NRTI
Abacavir
Lamivudine
Tenofovir
Zidovudine
Nevirapine
Efavirenz
Lopinavir/ritonavir
Lifetime exposure to thymidine analogue, No. (%)
CVD and metabolic parameters
BMI, kg/m?
Wiaist:hip ratio
SBP, mm Hg
DBP, mm Hg
Total cholesterol, mg/dL
HDL, mg/dL
LDL, mg/dL
VLDL, mg/dL
Triglycerides, mg/dL
HOMA
Mean IMT, mm
Max IMT, mm
Pulse wave velocity, m/s

988.0 (631.0-1310.0)
34.5 (27.0-41.0)
631.0 (336.0-1113.0)

Soluble markers of systemic inflammation and monocyte activation

sCD14, pg/mL
sCD163, ng/mL
Zonulin, ng/mL
I-FABP, pg/mL
BDG, pg/mL
hsCRP, ng/mL
IL-6, pg/mL
OxLDL
sTNFRI, pg/mL

9.9 (7.6-11.1)
42 (42)
1(1)
12 (12)
33 (33)
18 (18)
46 (46)
27 (28)
72 (72)
17.7 (15.8-19.1) 18.0 (16.2-19.5) 17.8 (16.9-19.2) 497
0.9 (0.8-0.9) 0.9 (0.8-0.9) 9(0.8-0.9) .041
107.0 (101.0-113.5) 115.0 (106.0-122.0) 111.0 (103.0-118.0) .001
65.0 (60.0-71.0) 66.5 (62.0-73.0) 66.0 (61.0-72.0) .164
154.0 (134.0-173.0) 148.0 (130.0-170.0) 149.0 (132.5-171.0) 517
48.0 (41.2-57.6) 44.6 (38.3-54.1) 46.1 (39.9-55.3) .091
84.5 (68.0-104.0) 83.0 (69.0-105.0) 83.0 (69.0-104.0) .798
19.0 (13.0-23.0) 17.0 (12.0-21.0) 18.0 (13.0-22.0) 21
93.0 (65.0-115.0) 83.0 (62.0-105.0) 88.0 (63.5-109.0) 21
1.3(0.8-2.1) 1.0 (0.7-1.6) 1.1(0.8-1.8) .045
0.53 (0.49-0.55) 0.51 (0.47-0.54) 0.52 (0.48-0.54) .067
0.63 (0.60-0.68) 0.60 (0.57-0.63) 0.61 (0.59-0.65) .001
5.7 (6.4-6.3) 6.0 (5.5-6.6) 5.8 (56.5-6.5) 242
2113.8 (1755.0-2570.1) 1675.4 (1446.6-1951.6) 1874.94 (1556.1-2302.4) <.001
584.1 (401.6-737.0) 685.7 (496.4-855.4) 643.5 (453.8-797.4) .033
6.1 (4.8-7.8) 8 (5.56-8.4) 6.6 (5.2-8.1) .074
2139.2 (1701.7-3251.7) 2255.8 (1696.4-3103.1) 2199.0 (1699.0-3177.0) .759
285.1 (230.5-490.0) 448.7 (292.1-615.4) 327.4 (257.6-547.6) <.001
518.9 (186.0-1692.2) 367.8 (128.1-1124.2) 426.6 (164.3-1360.9) .229
1.1 (0.8-2.1) 1.2 (0.8-1.9) 1.2 (0.8-2.0) 910
40065.1 (34013.6-47590.8) 44 737.6 (37387.9-52520.8) 42 530.4 (35232.6-50648.3) .046
905.4 (731.56-1034.3) 959.9 (807.5-1111.4) 936.4 (778.8-1081.2) .040

Data are presented as median (interquartile range) unless otherwise indicated.

Abbreviations: ART, antiretroviral therapy; BDG, Beta D Glucan; BMI, body mass index; CRP, C-reactive protein; CVD, cardiovascular disease; DBP, diastolic blood pressure; HDL, low-density
lipoprotein; HIV, human immunodeficiency virus; HOMA, Homeostatic Model Assessment for Insulin Resistance; I-FABP, intestinal fatty acid binding protein; IL-6, interleukin 6; IMT, intima
media thickness; LDL, low-density lipoprotein; NRTI, nucleoside reverse transcriptase inhibitor; OxLDL, oxidized low-density lipoprotein; SBP, systolic blood pressure; sCD14, soluble CD14;
sCD163, soluble CD163; TNFRI, Soluble tumor necrosis factor receptor I; VL, viral load; VLDL, very low-density lipoprotein; YPHIV, youth with perinatally acquired human immunodeficiency virus.

aDifferences between groups calculated using y° test for categorical measures and Wilcoxon rank-sum test for continuous measures.

increases in long chain polyunsaturated fatty acid (PUFA) within
TAGsand decreases in activated CD4 T cells, and with decreases in
both microbial translocation marker sCD14 and gut integrity
marker I-FABP. We have previously described changes over 96
weeks in biomarkers [17] and found that in YPHIV, hsCRP de-
creased by 40%, I-FABP and Beta D Glucan increased by 19%
and 38%, respectively, and OxLDL and sCD14 remained stable.

Associations With Cardiometabolic Measures
We found that increases in medium chain (C18-20) saturated
PC and PE correlated with increases in blood pressure and BMI
over the study period (Supplementary Figure 2).

A network figure highlights the associations between changes in
lipid species composition and concentrations and CVD markers
over 96 weeks with a correlation >|0.3| (Figure 4). Notable trends
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Table 2. Comparison of Lipid Class Composition and Concentration Between Groups at Baseline

Lipid Composition, mol %

Lipid Concentrations, ypmol

Lipid Class YPHIV HIV-Negative Children P Value?® YPHIV HIV-Negative Children P Value®
CE 38.48 (37.60-39.36) 37.45 (36.02-38.87) 341 3122.29 (2985.55-3259.03) 3080.39 (2950.16-3210.62) 774
CER 0.09 (0.09-0.09) 0.09 (0.08-0.09) 798 7.39 (6.99-7.79) 6.28 (5.96-6.60) <.001
DAG 0.43 (0.40-0.46) 0.45 (0.42-0.48) 497 34.81 (32.08-37.54) 27.47 (25.32-29.62) <.001
DCER 0.01 (0.01-0.01) 0.01 (0.01-0.01) 732 0.60 (0.56-0.63) 0.56 (0.53-0.59) .263
FFA 11.90 (11.14-12.66) 13.41 (11.82-15.00) 162 1023.54 (950.80-1096.28) 1135.40 (1068.95-1201.84) .065
HCER 0.05 (0.05-0.06) 0.05 (0.05-0.06) 732 3.75 (3.52-3.97) 3.96 (3.73-4.19) .308
LCER 0.041 (0.039-0.043) 0.037 (0.035-0.039) .015 2.99 (2.83-3.15) 3.05 (2.88-3.22) .750
LPC 3.75 (3.57-3.94) 3.31 (3.11-3.51) .006 301.62 (283.82-319.41) 253.34 (240.24-266.44) <.001
LPE 0.04 (0.04-0.04) 0.06 (0.02-0.11) 451 2.92 (2.69-3.14) 2.86 (2.63-3.09) .798
PC 24.09 (23.25-24.93) 22.87 (22.32-23.43) .047 1904.11 (1833.07-1975.15) 1671.05 (1604.26-1737.85) <.001
PE 1.62 (1.63-1.71) 1.99 (1.39-2.58) .341 128.11 (120.19-136.03) 124.41 (117.30-131.51) 627
SM 6.92 (6.55-7.29) 7.08 (6.63-7.54) 725 644.07 (606.50-681.64) 772.31 (731.78-812.85) <.001
TAG 13.00 (11.96-14.04) 13.19 (11.99-14.39) .865 1040.72 (951.04-1130.39) 978.40 (906.90-1049.91) 406

Data are presented as median (interquartile range). Bolded P values were significant at the .05 level.

Abbreviations: CE, cholesterol ester; CER, ceramide; DAG, diacylglycerol; DCER, dihydroceramide; FFA, free fatty acid; HCER, hexosylceramide; HIV, human immunodeficiency virus; LCER,
lactosylceramide; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; TAG, triacylglycerol;

YPHIV, youth with perinatally acquired human immunodeficiency virus.

@Pvalues calculated using 2-sample t test.

were only seen in YPHIV. Specifically, increases in saturated CE
and PC were associated with increases in IMT and increases in
the compositional representation and concentrations of saturated
acyl chains of PE (PE18:0) with increases in PWV over 96 weeks.
Long chain polyunsaturated triacylglycerols were negatively asso-
ciated with IMT and PWV. We have previously described changes
over 96 weeks in CVD measures [16], and found that in YPHIV,
IMT decreased and PWYV increased (P < .03).

DISCUSSION

Basic lipid panels provide insufficient characterization and in-
sight as to the fundamental metabolic perturbations in HIV infec-
tion and their relationship to both inflammation and CVD risk
[19]. Few studies have investigated the molecular lipids that com-
pose lipoproteins (lipidomic) in HIV [20] and their relationship
to inflammation and CVD risk, but to our knowledge no studies
have examined these associations in YPHIV. Overall, 5 lipid clas-
ses and their saturated fatty acid content were elevated in YPHIV
(LCER, LPC, PC, CER, and DAG). Specifically, we found that in
YPHIV only, increases in PE containing 16:0 (palmitic acid) and
18:0 (stearic acid) correlated with increases in systemic inflamma-
tion, immune activation, and arterial stiffness over 2 years, and
that long chain PUFA correlated with decreases in inflammation
and CVD marker progression.

In this study, we used a targeted lipid analysis technology that
estimates concentrations using a mixture of internal standards,
and we present lipid class concentration and composition (or per-
centage contribution to the sum of all measured lipids). Lipid fat-
ty acid compositions are often used to describe the role of the
lipidome on cardiometabolic outcomes, and recent findings sug-
gest that serum concentrations of lipid fatty acids may be a more

accurate reflections of the changes in lipids rather than percent-
age; we therefore decided to present both to be able to explain our
findings in the context of other manuscripts and for ease of inter-
pretation in metabolic and future therapeutic terms [21].

Compared to HIV™ youth, perinatally acquired HIV was asso-
ciated with a significantly altered lipidome that was abundant in
saturated CER, DAG, LPC and PC lipid species, consistent with
what we reported in our previous pilot data [14]. Our findings
corroborate lipidomic analyses in HIV™ youth who have known
metabolic complications and increased CVD risk. LPC and PC
levels are increased in children and youth who have obesity,
nonalcoholic fatty liver disease [22], or type 1 diabetes [23]. In
a large study of 990 HIV™ adolescents (aged 12-18 years),
LPCs were associated with multiple CVD risk factors including
visceral abdominal fat, blood pressure, insulin resistance, and
atherogenic dyslipidemia [24].

Similarly to Findings in Adults With HIV, Saturated DAGs Remain Elevated
in YPHIV Throughout the Study Period and Despite Viral Suppression on
ART

The lipidome composition can be impacted by age, sex [25], diet
[26], and genetic background. Age and puberty may have con-
tributed to the changes in the lipidome over the study period;
however, YPHIV and HIV™ were well matched demographically
such that differences between the groups cannot be attributed to
demographic factors.

Lipids and their metabolites can affect the differentiation of im-
mune cells, particularly monocytes and T cells, as well as their ac-
tivation and function, with important consequences for the
balance between anti- and proinflammatory signals in diseases.
Saturated fatty acids induce inflammasome activation and
Toll-like receptor (TLR) signaling [27], in contrast, PUFAs inhibit
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Figure 1. Mean concentrations of lipids at baseline. Dot plots showing the mean baseline lipid levels in youth with perinatally acquired human immunodeficiency virus

(YPHIV) and human immunodeficiency virus— negative children (HIV"). Horizontal lines denote the 95% confidence interval (C). A, Ceramides (CER). B, Diacylglycerol (DAG). C,

Lysophosphatidylcholine (LPC). D, Phosphatidylcholine (PC).

inflammation and modulate the fatty acid oxidation pathway [28].
Underlying mechanisms include activation of TLR4, lipid raft for-
mation, transcription factor activation, and gene expression. This
is consistent with our findings: In our study we found notable
trends with markers of inflammation and lipidome signatures
that were only seen in YPHIV. Specifically, increases in stearic
acid correlated with increases in markers of systemic inflamma-
tion, monocyte activation, and gut integrity over 2 years. In our pi-
lot data, we have previously shown similarly that phospholipids
with 16 and 18 carbons also correlated with systemic inflamma-
tion and monocyte activation markers [14]. In vitro exposure of
PBMC:s to these lipids results in monocyte activation and inflam-
matory cytokine production [29]. On the other hand, long chain
PUFAs containing TAGs were correlated with decreases in

T-cell activation, OxLDL, sCD14 (a marker of microbial translo-
cation), and I-FABP. Stearic acid is known to activate the inflam-
masome and trigger interleukin 1p release in myeloid cells [30], as
opposed to PUFAs, which decrease fatty acid oxidation pathways,
and inflammatory mediators in macrophages and lymphocytes
[31]. We have previously reported in this cohort, over 96 weeks,
that immune activation, microbial translocation, and altered gut
integrity persist over time in YPHIV despite viral suppression
[17]. Findings from this lipidome analysis may suggest that peri-
natally acquired HIV-associated alterations in lipid profiles may
either be a driver or the consequence of the inflammation associ-
ated with a disrupted gut barrier and microbial translocation.
Saturated fatty acids, especially those containing 12 to 16 car-
bon atoms, have been associated with higher risk of CVD and
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Table 3. Average Change in Lipid Class Composition and Concentration From Baseline to 96 Weeks for Youth With Perinatally Acquired Human

Immunodeficiency Virus (HIV) and HIV-Negative Children

Lipid Composition, mol %

Lipid Concentrations, ypmol

YPHIV HIV-Negative Children YPHIV HIV-Negative Children

Lipid

CIZss A P Value® A P Value® A P Value® A P Value®
CE -0.21 (-1.54, 1.11) .815 0.21 (=1.64, 2.06) .875 —9.56 (—195.93, 176.81) .928 277.93 (133.44-422.43) .001
CER —0.01 (-0.01, 0.00) .001 —.01(-0.01, 0.00) .080 0.00 (-0.50, 0.49) .990 1.03 (0.61-1.45) <.001
DAG —-0.12 (-0.15, —0.08) <.001 —-0.11 (-0.15, —0.06) <.001 0.88 (—2.65, 4.41) .750 2.27 (-.38, 4.87) 162
DCER 0.00 (0.00-0.00) 271 0.00 (-0.01, 0.00) 406 0.00 (-0.05, 0.06) 910 0.07 (0.02-0.13) .035
FFA 1.36 (0.25-2.48) .046 —0.14 (-2.23, 1.94) 910 —116.89 (-209.25, —24.53) .041 —99.04 (-188.50, —9.57) .074
HCER —0.01 (-0.01, 0.00) 011 —0.01 (-0.02, 0.00) .019 0.51 (0.28-0.73) <.001 0.51(0.30-0.72) <.001
LCER 0.00 (0.00-0.00) 278 0.00 (0.00-0.00) .798 0.29 (0.10-0.48) .014 0.34 (0.15-0.52) .003
LPC —-0.56 (-0.79, -0.32) <.001 —-0.16 (-0.49, 0.16) 428 —25.56 (—49.34, —-1.78) .080 15.08 (-3.20, 33.35) 187
LPE 0.00 (-0.01, 0.00) 428 —0.03 (-0.09, 0.03) .456 0.93 (0.23-1.62) .033 0.99 (0.59-1.39) <.001
PC -3.13 (-4.05, —=2.21) <.001 -1.21(-2.53, 0.10) 140 28.67 (—115.34, 172.68) 795 225.26 (135.92-314.60) <.001
BE —0.06 (-0.18, 0.05) 406 —0.46 (-1.20, 0.27) .338 10.44 (-0.35, 21.23) 121 16.61 (7.95-25.26) .001
SM 3.41(2.92-3.90) <.001 3.25 (2.45-4.04) <.001 —25.96 (-69.10, 17.18) .368 40.96 (-29.33, 111.25) .375
TAG —1.20 (-2.50, 0.11) 140 —-0.38 (-2.24, 1.49) .795 112.81 (=16.79, 242.40) 162 90.25 (-7.85, 188.34) 140

Data are presented as median (interquartile range). Bolded P values were significant at the .05 level.

Abbreviations: CE, cholesterol ester; CER, ceramide; DAG, diacylglycerol; DCER, dihydroceramide; FFA, free fatty acid; HCER, hexosylceramide; HIV, human immunodeficiency virus; LCER,
lactosylceramide; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; TAG, triacylglycerol;

YPHIV, youth with perinatally acquired human immunodeficiency virus.

#P values calculated using paired t test.
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Figure 2. Diacylglycerol concentration changes (mean with confidence interval
[Cl)) by study group over time (27.47 vs 34.81 at baseline; and 29.86 vs
35.65 pmol at week 96 for human immunodeficiency virus [HIV]-negative [HIV]
children vs youth with perinatally acquired HIV [YPHIV], respectively; P <.007).

atherosclerosis [32]. PE is the second most abundant lipid and
is abundant in mitochondria [33]. It is known to be involved in
inflammatory processes after myocardial infarction by binding
to macroglobulin, which increases the expression of inflamma-
tory cytokines and chemokines and decreases smooth muscle
and collagen [34]. PE has been associated with peripheral oc-
clusive arterial disease [35] and the inflammatory phase of

myocardial infarctions [36]. Palmitic acid, specifically, is one
of the most important acids of triglyceride in adipose tissue
and has been linked to CVD [37]. Stearic acid, on the other
hand, does not have a significant influence on lipid metabolism
but can induce apoptosis and necrosis of endothelial cells and is
associated with higher risk of ischemic heart disease [38]. In our
study, increases in PE (16:0 and 18:0) correlated with increases
in PWYV or arterial stiffness only in YPHIV. This is concerning as
PWYV has been shown to predict cardiovascular mortality in old-
er cohorts without HIV [39]. In addition, we have highlighted in
a previous publication that PWV increased slightly in YPHIV
compared to HIV™ youth over 96 weeks [16]. This may suggest
that palmitic and stearic acids may serve as promising early bio-
markers in this population for CVD risk; however, future larger
studies are required to confirm these findings. Both palmiticand
stearic acid are found in vegetable and animal fats, with palm oil,
coconut oil, and ghee being the most common forms, and also
the major form of dietary fat used by the participants in this
study. Lipid-lowering drugs, specifically statins, remain the pri-
mary therapy for CVD risk reduction, and the Randomized Trial
to Prevent Vascular Events in HIV (REPRIEVE) study, the first
large-scale study to study statin for CVD risk reduction in peo-
ple with HIV [40], has generated the evidence needed to move
forward with statin for CVD prevention in people with HIV
with low-to-intermediate 10-year CVD risk [41]. However,
data are insufficient to recommend for or against statin therapy
in people under the age of 40 years, as stated by recent guidelines,
which highlight the urgent need for prevention trials in younger
adults who are at high lifetime risk of CVD.
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Figure 3. Relevance network graph depicting correlations >|0.4| between changes in the lipidome and changes in inflammatory biomarkers over 96 weeks. A, Composition
of lipids. B, Concentration of lipids. Red edges show positive correlations and blue negative correlations. Inflammatory and immune activation biomarkers are in gray. Lipids
are colored according to lipid class: cholesterol ester (CE), light blue; ceramide (CER), green; diacylglycerol (DAG), turquoise; diacylglycerol (DCER), purple; free fatty acid (FFA),
bright green; hexosylceramide (HCER), yellow; lysophosphatidylcholine (LPC), gray; lysophosphatidylethanolamine (LPE), lavender; phosphatidylcholine (PC), magenta; phos-
phatidylethanolamine (PE), orange; sphingomyelin (SM), red; triacylglycerol (TAG), blue. Abbreviations: BDG, Beta D Glucan; CRP, C-reactive protein; I-FABP, intestinal fatty
acid binding protein; IL-6, interleukin 6; OxLDL, oxidized low-density lipoprotein; sCD14, soluble CD14.

Among the seronegative youth, we found that several lipid
species including CE, PE, PC, and SM increased significantly
over the study period and that SM remained elevated compared
to YPHIV at both time points. We have also previously high-
lighted that markers of oxidative stress, monocyte activation,
and activated T cells also increased over 96 weeks in the sero-
negative group [17]. These findings highlight that exposure to

non-HIV adversities in sub-Saharan Africa, including socioe-
conomic stress, rising air pollution, and coinfections, likely
all contribute to inflammation in this setting [42].

Our study was limited by the lack of detailed dietary data. The
data generated here are exploratory; the study was not powered
for lipidomics analyses. The demographics of YPHIV and
HIV™ children were well matched, however, and our study
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Figure 4. Relevance network graph depicting correlations between changes in the lipidome and changes in intima media thickness (IMT) and pulse wave velocity (PWV) in
youth with perinatally acquired human immunodeficiency virus over 96 weeks. A, Composition of lipids. B, Concentration of lipids. Red edges show positive correlations and
blue negative correlations. Cardiovascular disease measures: mean IMT and PWV are in gray. Lipids are colored according to lipid class: cholesterol ester (CE), light blue;
diacylglycerol (DCER), pink; free fatty acid (FFA), bright green; phosphatidylcholine (PC), magenta; phosphatidylethanolamine (PE), orange; sphingomyelin (SM), red; triacyl-
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contains a detailed investigation into levels of inflammatory bio-
markers. Our findings may also be applicable to a large propor-
tion of YPHIVs, as the majority of adolescents with HIV reside
in Eastern and Southern Africa [43]. In addition, although both
IMT and PWYV have been well correlated with the presence of
coronary and carotic atherosclerosis [44], these measures have
several limitations. PWV needs precise measurement of blood
pressure, as well as the distance between target points of arteries
[44], both of which can be difficult in a pediatric population. A
main limitation of IMT is the lack of standardized accepted
scan protocol [45]. We attempted to minimize variability by
adapting a standardized protocol for both PWV and IMT, as pre-
viously described [16], as well as having the same study team
members who performed the measurements during the study
period.

In conclusion, we describe alterations in the lipidome in YPHIV
in Uganda, despite viral suppression on long-term ART, and sig-
nificant associations with saturated fatty acid increases that may
exacerbate inflammation and CVD risk over time, whereas
PUFAs appear protective. These novel lipid biomarkers, and spe-
cifically PE 16:0 and 18:0, may offer better prognostic value than
conventional lipid measurements. Further longitudinal studies
are warranted.
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