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Abstract

Background: Early-life metabolic derangements in HIV-exposed uninfected (HEU) infants have
been reported.

Methods: Pregnant women with HIV and HIV-uninfected pregnant women were enrolled with
their newborns in a US cohort from 2011-15. We measured cord insulin, C-peptide, and metabolic
cytokines of HEU and HIV-unexposed uninfected (HUU) newborns using ELISA and metabolites,
lipid subspecies, and eicosanoids via liquid chromatography/mass spectrometry. Linear regression
was employed to assess the association of intrauterine HIV/ART with insulin and C-peptide.
Graphical lasso regression was used to identify differences between metabolite/lipid subspecies
networks associated with C-peptide.

Results: Of 118 infants, 56 were HEU, ART-exposed. In adjusted analyses, mean cord insulin
(B=0.295, p=0.03) and C-peptide (p=0.522, p<0.01) were significantly higher in HEU vs. HUU
newborns. HEU neonates exhibited primarily positive associations between complex lipids and
C-peptide, indicative of fuel storage, and augmented associations between cord eicosanoids and
cytokines. HUU neonates exhibited negative associations with lipids and C-peptide indicative of
increased fuel utilization.

Conclusion: Higher cord insulin and C-peptide in HEU vs. HUU newborns as well as
differences in cord metabolites, metabolic-related cytokines, and eicosanoids may reflect a
propensity for fuel storage and an inflammatory milieu suggestive of fetal metabolic changes
associated with 7n utero HIV/ART exposure.
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Introduction

Current theories propose that fetal programming and the /n utero milieu have durable effects
on an individual’s long-term metabolic health, highlighting the critical role of maternal-fetal
cross-talk in shaping the metabolic health of children throughout the lifespan 1. For the
growing worldwide population of children born to women living with HIV (WLHIV),
estimated to be close to 15 million in 2018 2, jn utero exposures are especially complex and
include maternal HIV infection as well as antiretroviral therapy (ART).

HIV infection and its treatments have been shown to be associated with metabolic
perturbations including obesity, unfavorable body composition, insulin resistance, type
2 diabetes, and increased cardiovascular risk in adolescents and adults 3-°. Women of
childbearing age or pregnant, living with HIV, and receiving ART are at risk for these
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cardiometabolic disorders, and it is still largely unknown whether this population may
impart a different metabolic imprint on their offspring.

Metabolic derangements from /n utero HIV and/or ART (HIV/ART) exposure have been
reported in infants who are HIV/ART-exposed uninfected (HEU) 6-8, including poor
intrauterine growth 9, mitochondrial toxicity 19, altered intermediary metabolism and

fuel utilization 7, and dysregulated metabolic pathways suggesting a pro-inflammatory
intrauterine environment 11, Mitochondrial toxicity and alterations in associated
intermediary metabolism, which include cellular metabolic pathways such as glycolysis,

the Krebs cycle, fatty acid oxidation, and amino acid metabolism, have been reported in
HEU children, but few studies have reported on fetal or cord blood outcomes in HEU
neonates, such as cord blood insulin, C-peptide, or the metabolome and lipidome. Cord
blood insulin and C-peptide levels are markers of insulin sensitivity and higher circulating
concentrations have been shown to be associated with poorer postnatal growth and adiposity
12-14 The objective of our study was to evaluate whether Jn utero HIV/ART exposure is
associated with higher cord blood insulin and C-peptide levels, as well as whether cord
blood metabolites and lipid subspecies associated with insulin and C-peptide, or eicosanoid
networks related to the inflammatory state, are significantly different between the cord blood
of HEU and HIV-unexposed uninfected (HUU) neonates.

Materials and Methods:

Study Population

Pregnant WLHIV and HIV-uninfected pregnant women and their infants were enrolled

at 12 — 34 weeks gestational age (GA) from 2011-2015 at the Mount Sinai Hospital
ambulatory obstetrics-gynecology practice. The practice provides multidisciplinary high-risk
care to pregnant WLHIV and routine obstetrical care to HIV-uninfected pregnant women
from the same geographic catchment area. HI\V-uninfected pregnant women were recruited
from the midwifery service where low-risk women with uncomplicated pregnancies receive
care. Pregnancies with multiple gestations, ending in spontaneous/therapeutic abortions or
intra-uterine fetal demise (IUFD), or resulting in an infant with HIV infection were excluded
from the final analyses. All participants provided written informed consent. This study was
approved by the Institutional Review Board of the Icahn School of Medicine at Mount Sinai.

Primary Outcome

We measured cord blood insulin and C-peptide levels using Milliplex ® (MilliporeSigna,
Burlington, MA) MAP multiplex assays with Luminex ® (Luminex Corporation, Austin,
TX) instrumentation. Each sample was assayed in duplicate; all samples were tested from
the same subject on the same plate and maintained at —80°C until the time of testing.

Primary Exposure of Interest

Newborns were classified as: HEU vs. HUU as determined by maternal serological HIV
ELISA testing and ART history per self-report and medical- and pharmacy-record review.
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Covariates and Measurements

Potential maternal and newborn confounders for cord blood insulin and C-peptide were
collected and included: maternal socio-demographics; illicit substance, alcohol, and tobacco
use during pregnancy; pre-pregnancy body mass index (BMI); infant sex; family history of
diabetes (maternal or paternal relatives of the newborn); newborn GA at delivery determined
via ultrasound dating; and birth weight. Information regarding maternal immunological
status, including CD4 cell count and HIVV RNA level, as well as ART history, was collected
in WLHIV.

Physiological Measurements—Maternal gestational diabetes mellitus (GDM) was
determined using a two-step glucose screen per standard clinical practice during the period
of the study 1°. Newborn length, weight, and head circumference were measured using a
recumbent stadiometer, manual scale, and paper tape measure, respectively, by one of two
trained research assistants.

Biochemical Measurements—Widely-targeted small metabolite (WTSM) screening
(600+ small polar metabolites), widely-targeted lipidomic (WTL) profiling (1300+ lipid
species in 26 lipid classes), and widely-targeted eicosanoid (WTE) screening (120+
eicosanoids) were performed with cord blood plasma samples. Extraction of small
metabolites from plasma was performed in 80% methanol/water and that of lipids in

90% ethanol/water. Extraction of eicosanoids was performed using a solid-phase extraction
(SPE) column, eluted in 100% methanol, and dried before dissolving and injecting in the
loading buffer. The assays were performed with Waters Aquity® Ultra Performance Liquid
Chromatography coupled with ABSciex® 6500+ QTrap Mass Spectrometer (UPLC-MS)
in a Multiple Reaction Monitoring (MRM) mode with a gradient appropriate for each
column. The ACE® pentafluoropheny! (PFP) column was used for the WTSM assay, a
Waters Charged Surface Hybrid (CSH) Fluorophenyl column for the WTL assay, and a
Waters BEH Shield RP18 column for the WTE assays. MultiQuant® (ABSciex) software
was used for data analysis including metabolite identification and quantification (relative to
internal standards). Adipokines (adiponectin, leptin, and resistin), inflammatory cytokines
[interleukin (IL)-6, tumor necrosis factor (TNF)-a, interferon (IFN)-y, and IL-10] and
ghrelin were measured using Milliplex® (MilliporeSigma, Burlington, MA) MAP multiplex
assays with Luminex® (Luminex Corporation, Austin, TX) instrumentation as described
above.

Statistical Analysis

Characteristics of pregnant women and their newborns were compared between groups using
t-tests, Wilcoxon rank sum tests, chi-squared tests, or Fisher exact tests. Birth weight-for-
age z (WAZ), length-for-age z (LAZ), and head circumference-for-age z (HCAZ) scores
were calculated from United States (U.S.) growth standards 6. Insulin and C-peptide were
log-transformed to approximate a normal distribution. Data on metabolite levels which

were too low to detect were replaced with a value equaling 10% of the lowest detectable
value in the dataset (enabling log transformation). Linear regression models were used to
assess the association between infant HEU status and cord insulin and C-peptide, with

and without adjustment for confounders of interest. Maternal age, GDM, family history of
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diabetes, pre-pregnancy BMI, C-section delivery, infant sex, preterm birth, and infant birth
weight z-score were considered a priori confounders based on prior literature 17. Spearman
correlation tests were used to assess the correlations of metabolic-related cytokines
(adipokines, inflammatory markers, and ghrelin) with C-peptide. Orthogonal partial least
squares discriminant analysis (OPLS-DA) was used to identify separation between HEU and
HUU newborns based on metabolite and lipid subspecies, while identifying the metabolites
or lipids that are were important for discriminating between groups using a Variable
Importance Parameters (VIP) threshold of one 8. We used a graphical lasso approach to
visualize differences between HEU and HUU neonates in metabolite networks associated
with cord blood C-peptide. Specifically, we first identified the subset of metabolites and
lipids associated with cord blood C-peptide in per-analyte multivariable linear regression
models adjusting for maternal age, pre-pregnancy BMI, and infant birth weight z-score,
using a nominal type | error of 0.05. The graphical lasso was then estimated on this subset
using the extended Bayesian information criteria (BIC) to select the tuning parameter 1°.
Networks were plotted using the R package igraph, with nodes representing metabolites or
lipids and edges representing partial correlations, conditional on all other analytes, using

a correlation coefficient threshold of 0.2, corresponding to a small/medium effect size

20, In addition, descriptive analyses were employed where a simple Spearman correlation
network was plotted to visualize pairwise correlations between eicosanoids, metabolic
related/inflammatory cytokines, and C-peptide, using a correlation coefficient of 0.4,
corresponding to a medium/large effect size 20. Sensitivity analyses were performed where
HEU newborns born to WLHIV with detectable HIV RNA levels (= 100 copies/mL)

were excluded. Lastly, sub-group univariate analyses of HEU newborns were performed

to evaluate whether differences in insulin or C-peptide were present by 7n utero ART
exposure or by maternal HIV RNA level at delivery. For all graphical lasso and Spearman
correlation network analyses we chose to focus on modeling C-peptide as an outcome rather
than insulin given the longer half-life, negligible hepatic clearance, and constant peripheral
clearance of C-peptide?!. All other statistical analyses were performed using SAS® 9.3
(Cary, NC).

Characteristics of pregnant women

After excluding two twin pregnancies, two pregnancies which resulted in IUFD, and 10
pregnancies resulting in spontaneous/induced abortions, a total of 118 newborns were
included for analysis: 56 HEU and 62 HUU. Median age of WLHIV was higher (26 vs.

23 years, p=<0.01) than that of uninfected women. (Table 1) No differences in maternal
race/ethnicity, highest education level, employment status, illicit substance, alcohol or
tobacco use in pregnancy, pre-pregnancy BMI, or GDM were noted. Among WLHIV,

24 (42.7%) had a CD4 cell count at enrollment >500 cells/mms3 and 48 (85.7%) had

an HIVV RNA level <100 copies/mL at delivery. Twenty-nine (52.0%) received protease
inhibitor (P1)-based antiretroviral therapy (ART) (atazanavir/ritonavir-, darunavir/ritonavir-,
or lopinavir/ritonavir-based), 12 (21.3%) non-nucleoside reverse transcriptase inhibitor
(NNRTI)-based ART (nevirapine- or rilpivirine-based), five (8.9%) integrase strand transfer
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inhibitor (INSTI)-based ART (raltegravir-, elvitegravir-, or dolutegravir-based), and nine
(16.0%) were on a regimens containing = 3 classes of antiretrovirals (ARVSs).

Characteristics of newborns and cord blood metabolic cytokines

A higher number of HEU newborns were born via C-section delivery compared to HUU
newborns (63.3 vs 20.0%, p<0.01). The most common reasons for C-section delivery among
HEU newborns included: prevention of HIV infection, repeat C-section, patient desire, non-
reassuring fetal heart tones or failure to descend, new-onset intrauterine growth retardation,
failed induction, maternal anatomic anomalies, breech presentation, and pre-eclampsia. No
differences between groups were observed in rates of preterm birth; small-for-gestational
(SGA) outcome; and birth anthropometrics.

Several metabolic cytokines differed between groups. Median ghrelin levels were higher
(13.7 vs 4.4 pg/mL, p<0.01), but median resistin levels were lower (101.9 vs 134.7 ng/mL,
p<0.01) in HEU vs. HUU. No differences in adiponectin, leptin, or IL-6 were noted between
groups. (Table 1)

Measures of cord insulin and C-peptide and correlations with metabolic cytokines in

newborns

In univariate analyses, median insulin (14.6 vs 12.6 mlU/mL, £=0.03) and C-peptide (1.04
vs 0.88 ng/mL, p<0.01) levels were higher in HEU compared to HUU newborns. (Table

2) This relationship persisted even after adjusting for maternal age, maternal GDM, family
history of diabetes, maternal pre-pregnancy BMI, C-section delivery, infant sex, infant
preterm birth, infant birth WAZ (3=0.295, p=0.03 for insulin outcome; 3=0.522, p<0.01
for C-peptide outcome). In univariate subgroup analysis of HEU newborns, cord blood
insulin and C-peptide levels were similar between those exposed to /n utero Pl-based ART
vs. NNRTI-based ART (13.49 vs. 19.98, p=0.16 for insulin and 0.99 vs. 1.53, p=0.16 for
C-peptide, respectively). Leptin correlated positively with C-peptide in both HEU and HUU
newborns (rho=0.64, p<0.01 and rho=0.26, p=0.04, respectively). However, IL-6 correlated
positively with C-peptide in HEU, but not HUU newborns (rho=0.29, p=0.05 vs rho=0.08,
£=0.52 respectively), while resistin correlated negatively with C-peptide in HUU, but not
HEU newborns (rho= —-0.40, p<0.01 vs rho= -0.04, p=0.77 respectively). No correlations
with C-peptide were observed for adiponectin, ghrelin, TNF-a., or IFN-vy in either group.

Characteristics of the metabolome and lipidome in HEU vs HUU newborns

OPLS-DA showed metabolites/lipid subspecies that could discriminate between HEU
and HUU newborns. (Figure 1) Long-chain monounsaturated phosphatidylglycerols
(PG), polyunsaturated free fatty acids (PUFA), polyunsaturated (mainly)
phosphatidylethanolamines (PEs) and phosphatidylcholines (PC), saturated or
monounsaturated triacylglycerol (TAGSs) and ceramides, as well as taurocholate and
glycocholate species (bile acids) were identified as most important for distinguishing
between HEU and HUU groups. (Supplemental Table) In sensitivity analyses, excluding
HEU newborns born to women with detectable HIV RNA at delivery (=100 copies/mL),
results were similar.
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Metabolic networks associated with cord blood C-peptide

Graphical lasso demonstrated different networks and relationships of metabolites and lipid
subspecies with cord blood C-peptide when comparing HEU and HUU neonates (Figure
2).Among HEU neonates there was more heterogeneity in network clusters associated with
C-peptide, with the vast majority of metabolites showing a positive association, suggesting
a propensity for fuel storage. Networks of LPEs, LPCs and PCs, TAGs, and several amino
acids and organic acids were positively associated with C-peptide among HEU neonates.
Uridine diphosphate glucose (UDPG), glutathione, tauro-muricholate, and glycothiocholate
were positively associated with C-peptide among HEU, but not HUU, neonates.

Among HUU neonates, networks associated with C-peptide were primarily those of

TAGSs, medium- and long-chain ACs (C10, C12, C14, and C16), branched-chain amino
acids (BCAAs) (valine, isoleucine, and leucine), and several amino acids, all of which

were negatively associated with C-peptide, suggesting a propensity for fuel utilization,
unlike the predominantly positive associations observed in HEU neonates. In addition, the
TAG networks that were found to be associated with C-peptide differed not only in the
directionality of association, but also in the composition: TAG networks associated with
C-peptide among HEU neonates were largely longer in chain length and polyunsaturated,
while those among HUU neonates were shorter chain and more monounsaturated. Among
HEU neonates, several networks positively associated with C-peptide contained eicosanoid
precursors [phosphatidylethanolamine (PE) 18:0/20:4 and PE 18:1/20:4 network, PE
16:0/20:4 and PE 18:0/22:5 network, and the TAG network containing TAG 54:7/18:2, TAG
54:7/18:3, and TAG 54:8/18:3]. However, such an association was absent in HUU neonates.

In sensitivity analyses, excluding HEU neonates born to women with detectable HIV RNA
levels at delivery, differences in metabolite networks associated with C-peptide remained
stark between HEU vs. HUU neonates. (Supplemental Figure) Networks among HEU
neonates were more sparse and still overwhelmingly positively correlated with C-peptide,
compared to networks observed in HUU neonates (all negatively correlated with C-peptide).

Correlations of eicosanoids with metabolic-related cytokines and inflammatory markers

In Spearman correlation network plots between metabolic-related cytokines, C-peptide, and
eicosanoids, we observed many more pairwise correlations between metabolic cytokines and
eicosanoids among HEU vs. HUU neonates. (Figure 3) In particular, among HEU neonates,
adiponectin showed strong correlations with more than half of the 31 immunomodulatory
targets of eicosanoids, their PUFA precursors, and acyl-amino acids, with leptin having

two such correlations. This differed from correlations of eicosanoids with metabolic-related
cytokines among HUU neonates where adiponectin was only negatively correlated with one
target eicosanoid and leptin with two more of these targets. In addition, eicosanoids among
HEU neonates showed a much larger network of correlations with inflammatory cytokines
such as IL-6, TNF-a, and IFN-y compared to HUU neonates.
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Discussion

In our cohort, we found that compared to HUU newborns, HEU newborns had higher

cord blood insulin and C-peptide and significantly different relationships of metabolites
and lipid subspecies with C-peptide in cord blood. Moreover, differences in the cord blood
metabolome and lipidome were significant and contributed to separation between HEU and
HUU groups. To our knowledge, this is the first study in HEU neonates to evaluate neonatal
metabolic health using widely targeted metabolomics and lipidomics techniques on cord
blood.

Only one other published study has evaluated cord blood insulin levels in the context of /n
utero HIVIARV exposure 22, This small study compared cord blood insulin levels between
HEU newborns exposed to zidovudine (AZT)/lamivudine (3TC)/nelfinavir (NFV) vs. those
exposed to AZT monotherapy vs. HUU, and found that those exposed to AZT/3TC/NFV
had significantly lower levels of cord blood insulin compared to HUU newborns. These
results differ from our findings and may be partially explained by differences in /n utero
ARV exposure as well as their smaller sample size, approximately one-third that of our
study. In addition, while a little over half of the HEU newborns in our study were exposed to
Pl-based ART, none of our HEU newborns had in utero exposure to the P, NFV.

Fetal insulin and C-peptide: a determinant of metabolic health for newborns

Insulin is known to stimulate an increase in adipose mass, and therefore fetal
hyperinsulinemia associated with maternal GDM, an insulin-sensitive state, often results
in a large-for-gestational-age neonate 23, It is noteworthy that, though the HEU newborns
in our study had higher levels of cord blood insulin and C-peptide compared to HUU
newborns, they were not larger in size (and, in fact, had lower birth WAZ and LAZ, but
not statistically significantly so) compared to HUU newborns. Fetal hyperinsulinemia is
positively associated with neonatal fat mass and may be a marker for later adiposity. Some
studies have demonstrated a positive association between cord blood insulin and neonatal
weight and adipose mass 12, as well as infant skinfold thickness at 1 year of age 14.

HEUs have different relationships between cord blood C-peptide and inflammatory
markers compared to HUU newborns.

Among HEU but not HUU neonates, cord blood IL-6, an important inflammatory marker,
was positively associated with C-peptide. Elevated IL-6 has been shown to be an
independent predictor of diabetes in HIV-uninfected adults 2427 as well as adults with

HIV 28, In the adaptive and innate immune systems, IL-6 is involved in the augmentation
of inflammation 2%:30 and affects glucose homeostasis by its action on skeletal muscle cells,
adipocytes, hepatocytes, and pancreatic endocrine cells 3. The positive association of cord
blood IL-6 with insulin and C-peptide in the HEU newborns suggests a possible heightened
role of inflammation as a mediator of fetal compensatory fuel utilization which governs
glucose homeostasis that is not present in HUU newborns.
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Differential relationships between metabolic cytokines (resistin, leptin, and adiponectin)
and cord blood C-peptide by in utero HIV/ARV exposure status

Relationships of metabolic cytokines with C-peptide in cord blood also differed by
HEU/HUU status in our study, reflecting potential alterations in the pathways governing
fuel homeostasis when HIV and ARVs are present in the /n utero environment.

The negative association that we observed between cord blood resistin and C-peptide in
HUU newborns, though paradoxical from what has been observed in adult studies, has
been observed with other studies of umbilical cord adipokines in the newborns of women
with diabetes 32:33, This inverse relationship may reflect an immunomodulatory effect of
C-peptide on resistin-producing immune cells 34. High fetal insulin environments have been
shown to suppress resistin, a hormone which restricts adipose mass 3°. In addition to the
direct action of insulin on adipose tissue, this may also explain why adipose mass increases
and large-for-gestational-age newborns more often result from pregnancies complicated by
GDM. However, the HEU newborns in our study did not show this association between
cord blood resistin and C-peptide, despite having higher insulin and C-peptide levels and
lower resistin levels than HUU newborns, indicating that the hormonal metabolic pathways
involved in glucose metabolism may be altered in HEU newborns compared to HUU
newborns.

For both HEU and HUU newborns, we observed a positive association between leptin and
C-peptide, but no association between adiponectin and C-peptide. The positive association
between cord blood leptin levels and insulin has also been reported by other similar studies
36, This relationship could be explained in part by the amount of adipose mass present in
our neonates as leptin is released by adipose tissue. However, we did not measure adiposity
in our neonates. The lack of association between adiponectin and insulin in cord blood of
newborns is in contrast to what has been reported in adults with and without HIV where
adiponectin is inversely associated with risk for insulin resistance 37 and Type 2 diabetes
38 put in line with other studies in neonates and in early postnatal life 3940, Adiponectin in
the fetal circulation comes from both adipose tissue and vascular cells 4, unlike in adults
where it is exclusively secreted by adipose tissue and, as a result, higher concentrations

are seen in cord blood than in adults 2. Some have postulated that the extremely high
adiponectin levels in cord blood compared to adult levels (often two or three times higher
in cord blood and similar to levels we observed in our study) preclude the ability to observe
a strong relationship between adiponectin and insulin sensitivity due to a “ceiling effect” of
the adiponectin and inherently lower levels of insulin and C-peptide in neonates compared to
adults 39,

HEU and HUU newborns demonstrate contrasting network relationships between fuel
utilization and insulin

The notable differences in cord metabolites and lipid subspecies networks associated with
C-peptide further indicate alterations in the fetal metabolic environment among HEU
newborns. Few studies have compared HEU and HUU cord blood metabolite networks

in relation to cord blood insulin or C-peptide, but one recent small study comparing

cord blood metabolomics in HEU vs. HUU newborns found that fetal lipid metabolism
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was perturbed in HEU newborns, which was associated with differences in inflammation
between HEU and HUU newborns 11, While this study did not evaluate the relationship

of cord blood metabolites and lipid subspecies with insulin, it noted differences in cord

PCs and PEs between HEU and HUU newborns which were consistent with our findings.
The Hyperglycemia and Adverse Pregnancy Outcomes (HAPO) study evaluated cord blood
small metabolite signatures of C-peptide and found several medium- and long-chain ACs

to be negatively associated with C-peptide in those with Northern European and Afro-
Caribbean ancestry. This is consistent with our observations in HUU neonates, but not in our
HEU neonates. Specifically, we found a large network including ACs C10, C12, C14, and
C16 which were inversely associated with C-peptide among HUU neonates. We also noted
in this same network that the branched-chain amino acids (BCAAS) (valine, isoleucine, and
leucine) were negatively associated with C-peptide among HUU neonates, a finding that is
opposite to what we have previously observed in infants at 6 weeks of life 7 and in children
and adults later in life 4344, suggesting that the relationships between metabolic pathways
and insulin or C-peptide in the /in utero environment are very different from those postnatally
and in adulthood.

The fact that we observed higher cord blood insulin and C-peptide in HEU neonates as well
as different metabolite and lipid signature networks associated with cord blood C-peptide in
our network analyses stratified by HEU vs. HUU groups, indicates that fuel homeostasis is
different between HEU and HUU newborns. We have previously shown dysregulated fuel
utilization in Cameroonian HEU infants compared to HUU infants at 6 weeks of age through
targeted metabolomics techniques /.

Networks positively associated with C-peptide were more heterogeneous, comprised of PEs,
LPEs, LPCs, PCs (associated with complex lipid membrane metabolism) TAGs,/DAGS,
(associated with fuel storage), bile acids, amino acids, and metabolites associated with
purine metabolism. In addition, these networks were almost always positively associated
with C-peptide among HEU newborns, reflecting fuel sforage. However, networks
associated with C-peptide in HUU newborns were primarily TAGs and small metabolites
including amino acids and ACs, and almost all negatively associated with C-peptide,
indicative of fuel utilization. The negative association of DAGs and TAGs with C-peptide
in HUU newborns likely reflects increased flux through metabolic pathways in response
to insulin and C-peptide, and overall upregulated fuel utilization that is more sensitive

to insulin and C-peptide levels than that which occurs in HEU newborns. For example,
among HUU neonates, we see that long-chain fatty ACs see Figure 2) also have a negative
association with C-peptide, suggesting enhanced beta-oxidation of fatty acids is occurring.

In contrast, HEU newborns show an overwhelming positive association of networks of
LPEs, LPCs and PCs, TAGs, and several amino acids and organic acids with C-peptide,

a lack of AC association with C-peptide, and a positive association of the uridine 5’-
diphosphoglucose and uridine 5’-diphosphogalactose network with C-peptide, all of which
suggests fuel storage and perhaps a tissue-specific impairment in fuel utilization. The
positive association of LPEs, LPCs and PCs, TAGs with C-peptide may indicate insulin
stimulation of hepatic lipogenesis/phospholipid formation and/or secretion. The differences
in the composition of the TAG networks associated with C-peptide between HEU and
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HUU neonates were also striking in that the latter contained a higher predominance of
shorter chain-length TAGs as well as FA’s 16:0 and 18:0 which reflect lipogenesis from
palmitate, palmitoleate, stearate, or oleate. TAG networks associated with C-peptide among
HEU newborns, however, tended to have longer chain lengths with several composed

of eicosanoid precursors. This may suggest that HEU neonates have higher levels of
inflammation (which is absent in the HUU neonates). In addition, at a pancreatic-cell level,
there may be an amino acid interaction which may raise C-peptide/insulin levels, but insulin-
stimulated whole-body amino acid disposal at a skeletal muscle level in the HEU neonate
could be blunted 4°. The positive association of the uridine 5’-diphosphoglucose network
with C-peptide in HEU newborns (but absent in HUU newborns) suggests higher glycogen
storage in HEU vs. HUU newborns; the positive association of methionine sulfoxide with
C-peptide may suggest that increased reactive oxygen species production in HEU vs. HUU
neonates compensates for the positive association of C-peptide with reduced glutathione.

A propensity for inflammation in HEU newborns

Not only did we observe more eicosanoid precursors within TAG networks associated

with C-peptide in HEU cord blood, but we also demonstrated that eicosanoids (largely
pro-inflammatory) have a significantly larger and more complex network of correlations
with metabolic-related cytokines among our HEU vs. HUU newborns. This suggests that
adipose-immune cell interactions were more common in HEU newborns which may reflect
a more inflammatory /in utero metabolic milieu for HEU compared to HUU newborns,

likely a result of maternal HIV and ART use. A small cord blood study of HEU and

HUU neonates evaluated the immune metabolome and observed higher levels of pro-
inflammatory metabolites, lysophospholipids, and cytokines in HEU neonates demonstrating
an upregulated fetal inflammatory metabolome indicative of metabolic stress 11.

Our study was limited by the small sample size and single-site study design which may
diminish generalizability, but, to our knowledge, is the one of the largest cord blood
metabolomic and lipidomic studies in HEU and HUU neonates. There is the possibility that
the differences between groups observed in networks of metabolites and lipid subspecies
associated with cord blood C-peptide may have been attributed to the small sample

size. We were also unable to measure glucose accurately in real-time at the time of the
initial cord blood collection, and, therefore, an assessment of insulin sensitivity using
glucose and insulin are not available. In addition, the heterogeneity of the /n utero ART
exposures prevents us from making definitive conclusions regarding the fetal metabolic
effects of individual ARVs. While we did not observe differences in cord blood insulin or
C-peptide between the two largest groups of in utero ART exposure (Pl-based vs. NNRTI-
based ART) among HEU newborns in univariate analyses, the small numbers preclude
definitive conclusions. Since all WLHIV initiate ART with HIV diagnosis in pregnancy,

it is difficult to disentangle the effects of HIV and ART on our outcomes. We were also
unable to rigorously assess the contribution of maternal viremia to cord blood outcomes
given the small number of women who had a detectable HIVV RNA level at delivery,

though sensitivity analyses excluding HEU neonates born to WLHIV with detectable HIV
RNA levels at delivery revealed similar results. Lastly, as with all observational studies,
selection of an ideal comparison group is sometimes difficult. To tackle this challenge, HUU
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neonates in our study were born to HIV-uninfected pregnant women without any pregnancy
complications, but with similar socio-demographic and anthropometric characteristics as the
pregnant WLHIV who were enrolled.

In conclusion, HEU newborns appear to exhibit disturbed fuel homeostasis associated with
higher cord insulin and C-peptide compared to HUU newborns. The predominance of
complex lipid networks positively associated with C-peptide in cord blood and the more
prominent association of these metabolites with metabolic cytokines in HEU, but not
HUU newborns, suggest altered fetal metabolic programming and fuel utilization, along
with a propensity for inflammation associated with /7 utero HIV/ART exposure. Larger
longitudinal studies monitoring the metabolic health of HEU newborns are warranted to
understand the long-term implications of these neonatal findings in this important and
growing population globally.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact Statement:

There is a paucity of studies assessing cord blood and neonatal metabolic
health in HIV-exposed uninfected (HEU) newborns, an increasing population
worldwide.

Compared to HIV-unexposed uninfected (HUU) newborns, HEU newborns
exhibit alterations in fuel homeostasis and an inflammatory milieu associated
with /n utero HIV/antiretroviral therapy (ART) exposure

The long-term implications of these neonatal findings are as yet unknown, but
merit continued evaluation as this important and growing population ages into
adulthood.
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Figure 1. Orthogonal partial least squares discriminant analysis showing group discrimination

of metabolites and lipid subspecies between HIV/ART-exposed uninfected and HIV/ART-
unexposed uninfected neonates
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Figure 2. Graphical lasso regression plots demonstrating metabolite and lipid subspecies
networks associated with cord C-peptide by in utero HIV/ART exposure status

Analytes shown are associated with cord C-peptide after adjusting for maternal age, pre-
pregnancy BMI, and infant birth weight z-score. Circle nodes=positive association with
C-peptide, i.e., fuel storage; Square nodes=negative association with C-peptide, i.e., fuel
utilization; Size of the node indicates the strength of the association with C-peptide; Blue
lines=positive partial correlation between nodes; Orange lines=negative partial correlation
between nodes; Thickness of edges/lines indicates strength of partial correlation conditional
on all other analytes.

AMP=adenosine monophosphate; CE=cholesterol ester; DAG=diacylglycerol/diglyceride;
GLCNACG6P= N-acetyl-glucosamine 6-phosphate; GMP=guanine monophosphate;
FFA=free fatty acid; LA=linoleic acid; LCER=lactosyl ceramide; LPC=
lysophosphatidylcholine; LPE=lysophosphatidylethanolamine; PC=phosphatidylcholine;
PE=phosphatidylethanolamine; PL=phospholipid not PE, PC, LPC, LPE, or ceramide
class; SM=sphingomyelin; TAG=triacylglycerol/Triglyceride; UDP=uridine diphosphate;
UDPG=uridine diphosphate glucose
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@ Cpeptide
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AA=arachidonic acid; Ala=alanine; Arg=arginine; COX=cyclooxygenase; CYP=cytochrome
P-450; DGLA=dihomo-y-linolenic acid; DHA=docosahexaenoic acid; diHOME=

dihydroxy-octadecenoic acid; EET=epoxyeicosatrienoic acid; EPA=eicosapentaenoic acid;

EpDPE= epoxydocosapentaenoic; EpOME=epoxyoctadecenoic acids; ETA=eicosatetraenoic
acid; HDHA= hydroxydocosahexaenoic acid; HDPA= hydroxydocosapentaenoic acid
HEPE=hydroxyeicosapentaenoic acid; HETE= hydroxyeicosatrienoic acid; IFNy=interferon
gamma; IL-6=interleukin 6; LA=linoleic acid; Leu=leucine; LOX=lipooxygenase;

LTE=leukotriene; NAGABA= N-arachidonoyl-y-aminobutyric acid; ODE=octadecadienoic
acid; Palm=palmitoyl; PGD=prostaglandin D; PGE=prostaglandin E; PGF=prostaglandin F;

PGJ=prostaglandin J; Thr=threonine; TNFa=tumor necrosis factor alpha; TX=thromboxane;

Val=valine
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Characteristics of women and infants

Table 1.

HEU infants n=56 HUU infants n=62  pvalue

MATERNAL
Age, years 26 (23-31) 23 (21-27) <0.01
Race/Ethnicity 024

White 1(1.8) 2(3.2)

Black/African American 33 (58.9) 25 (40.3)

Hispanic 19 (33.9) 30 (48.4)

Other 3(5.4) 5(8.1)
Highest education level 0.33

Some high school or less 15 (26.8) 11 (18.0)

High school diploma or equivalent 20 (35.7) 19 (31.2)

Some college or higher 21 (37.4) 31 (51.8)
Employment 16 (28.6) 24 (38.7) 0.25
Family history of diabetes 19 (33.9) 33(53.2) 0.04
Ilicit substance or alcohol use in pregnancy 3(5.3) 2(3.2) 0.67
Tobacco use in pregnancy 5(8.9) 1(1.6) 010
Pre-pregnancy BMI, kg/m? 26.4 (22.3, 31.5) 25.0 (22.7, 29.4) 0.39
CD4 cell count at enrollment, cells/mm® e

<50 FAETX:) H—

51-200 11(19.6) -

201-500 8(143) e

> 500 24427
HIV RNA level <100 copies/mL at delivery 488570 e e
ART during pregnancy e

NNRTI-based? ey

Pl-based” 2620

Integrase Inhibitor-based® 59

23 classes of ARVs 9(16.00 -

Other 1(1.8)
ART duration in pregnancy, days 260 (163,276) - e
Gestational Diabetes 1(1.8) 0(0.0) 0.29
INFANT
Preterm (<37 weeks GA) 5(8.9) 3(4.8) 047
SGA 12 (15.2) 6 (7.5) 013
C-section delivery 38 (67.9) 16 (25.8) <0.01
Birth WAZ -0.50 (-1.10, 0.15)  -0.25(-0.78, 0.24) 047
Birth LAZ -0.26 (-0.82,0.46)  0.11 (=0.74, 0.60) 028
Birth HCAZ -0.15(-0.78,0.34)  -0.21 (-0.68, 0.30) 0.77

Cord Blood Metabolic Cytokines
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HEU infants n=56 HUU infants n=62  pvalue
Adiponectin, ug/mL 45.0 (32.3, 83.8) 52.1(30.2, 73.8) 0.60
Ghrelin, pg/mL 13.7 (4.7,13.7) 4.4(2.7,13.7) 0.01
Leptin, ng/mL 11.7 (6.8, 23.2) 12.4(7.7,18.2) 0.84
Resistin, ng/mL 101.9 (56.5, 162.8)  134.7 (81.1, 300.0) <0.01
IL-6, pg/mL 13.7 (13.7, 23.0) 15.9 (7.9, 45.9) 0.29
IL-10, pg/mL 1.7 (0.8,2.8) 15(04,3.3) 0.58
TNF-a, pg/mL 15.0 (11.9, 18.3) 14.6 (12.1, 17.6) 0.84
IFN-y, pg/mL 0.6 (0.6, 1.0) 0.6 (0.6, 0.6) <0’01d
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*
Continuous variables shown as (Median)(Interquartile Range) and categorical variables shown as (n) (%); p values for continuous variables from
Wilcoxon tests and for categorical variables from chi-square or Fisher exact tests as appropriate.

a. . . I
Nevirapine- or Rilpivirine-based
Lopinavir/ritonavir-, Atazanavir-ritonavir-, or Darunavir/ritonavir-based
c . . . .
Raltegravir-, Elvitegravir-, or Dolutegravir-based.

a, . . . o L
While median values are similar between groups, sum ranks, IQR and standard deviations were not.

ART=antiretroviral therapy; BMI=Body Mass Index; GA=gestational age; HCAZ=Head Circumference-for-Age Z score; HEU=HIV-exposed
uninfected; HUU=HIV-unexposed uninfected; IFN-Y= Interferon gamma; IL=Interleukin; LAZ=Length-for-Age Z score; NNRTI=Non-nucleoside
reverse transcriptase inhibitor, PI=Protease Inhibitor; SGA=Small for Gestational Age; TNF-a=Tumor necrosis factor alpha; WAZ=Weight-for-
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Table 2.

Unadjusted and adjusted Associations of /n utero HIVIART exposure with cord blood insulin and C-peptide

Model Outcome HEU (median) (IQR) HUU (median) (IQR) Unadjusted Coefficient pvalue Adjusted Coefficient p value

Insulin 0.248 0.05 0.305 0.03

14.69(10.9, 23.8) 12.6%(8.8,19.1)

C-peptide 0.334 0.02 0.421 0.02

1.04? (0.80,1.56) 0.887 (0.48, 1.15)

*
All models with outcomes log-transformed and adjusted for maternal age, maternal gestational diabetes, family history of diabetes, maternal
pre-pregnancy body mass index, C-section delivery, infant sex, infant preterm birth, and infant birth weight z score

AuumL

bng/mL

ART=antiretroviral therapy; HEU=HIV/ART exposed uninfected; HUU=HIV/ARV unexposed uninfected; IQR=interquartile range
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