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Abstract

The human immunodeficiency virus (HIV) can be vertically transmitted from a woman living with HIV
to her child during pregnancy, childbirth, and breastfeeding. Antiretroviral therapy (ART) prevents
vertical transmission of HIV by providing prophylaxis to the fetus or infant and lowering the mother’s
viral load (VL). Due to the prevention of vertical HIV transmission, there is a decrease in infants
acquiring HIV vertically. Correspondingly, there is an increasing population of HIV-exposed and
uninfected (HEU) infants and children, with the current global estimate of HEU infants and children at

around 15 million.

While results have been inconsistent, some studies show that HEU children have an increased risk of
morbidity and mortality, as well as neurodevelopmental delays across language, motor and cognitive
domains, when compared to their HIV-unexposed and uninfected (HUU) counterparts. Several factors
have been associated with the higher morbidity and mortality rates exhibited by HEU children. These
factors include perinatal and postnatal (during breastfeeding) exposure to maternal HIV and ART, a

pro-inflammatory state in the mother, and a compromised maternal immune system.

This study aimed to see if the metabolic brain abnormalities seen in older HEU children could be
detected in neonates. Based on previous results, we hypothesize lower ratios of glutamate (Glu) to
total creatine (creatine plus phosphocholine) (Glu/Cr+PCr), N-acetyl-aspartate (NAA) to Cr+PCr
(NAA/Cr+PCr), and choline-containing compounds phosphocholine plus glycerophosphocholine
(GPC+PCh) to Cr+PCr (GPC+PCh/Cr+PCr) in the basal ganglia (BG) of HEU neonates compared to HUU
neonates, as seen previously for absolute concentrations of these metabolites in 9-year-old HEU
children. Furthermore, we hypothesized lower Glu/Cr+PCr and NAA/Cr+PCr ratios in the midfrontal
gray matter (MFGM) of HEU neonates compared to HUU neonates, as previously observed for

absolute concentrations of Glu and NAA in 11-year-old HEU children.

Using proton magnetic resonance spectroscopy (MRS), metabolite/Cr+PCr ratios were measured in
the BG (83 HEU neonates and 45 HUU neonates) and MFGM (65 HEU neonates and 31 HUU neonates)
of neonates at a mean gestational age (GA) equivalent of 41.56 weeks (range 39-45 weeks). Linear
regression models were used to compare HIV and ART exposure group differences in
metabolite/Cr+PCr ratios in HEU neonates and HUU neonates, as well as HEU neonates who have been
exposed to ART since conception (pre-conception) and HEU neonates who have been exposed to ART
after 5 weeks of GA to HUU neonates. NAA/Cr+PCr, GPC+PCh/Cr+PCr, Glu/Cr+PCr, and myo-inositol

(Ins)/Cr+PCr were the metabolite/Cr+PCr ratios measured.



In the MFGM, no differences in metabolite/Cr+PCr ratios relative to HUU neonates were observed.
However, in the BG, metabolite/Cr+PCr ratios were similar across neonates, with only one exception:
GPC+PCh/Cr+PCr. When compared to HUU neonates, HEU neonates had lower mean GPC+PCh/Cr+PCr
ratios (B = -0.03, p = 0.004). In comparison to HUU neonates, both groups of HEU neonates exposed
to ART since conception (pre-conception) (B =-0.02, p = 0.02) and those exposed to ART after 5 weeks
of GA (post-conception) (B = -0.03, p = 0.01) had lower mean GPC+PCh/Cr+PCr ratios. NAA/Cr+PCr
ratios were negatively correlated with maternal Harvard Trauma Scores during pregnancy across all
neonates (r = -0.19, p = 0.04). In addition, we also found significant positive correlations between
NAA/Cr+PCr ratios and maternal cluster of differentiation (CD) 4* (CD4*) T lymphocytes (T cell) count

across all HEU neonates, independent of ART duration in pregnancy (r = 0.30, p = 0.01).

The observed differences in GPC+PCh/Cr+PCr ratio between HEU and HUU neonates may be a
consequence of maternal dietary choline deficiency (along with other micronutrients such as vitamin
B1, and folate) and/or increased choline-consuming gut microbiota in mothers living with HIV. In HEU
neonates, reductions in choline may lead to compensatory pathways that free other sources of choline
for development. These mechanisms may prevent neuroinflammation as well as neuronal and
oligodendrocyte (non-neuronal cell) loss and/or damage, explaining why only differences in
GPC+PCh/Cr+PCr ratios were observed. Lastly, we reported NAA/Cr+PCr ratios in the BG that were
influenced by maternal immune measures in HEU neonates and maternal trauma scores across all
neonates. These associations suggest the neonate’s BG is vulnerable to maternal health factors during

fetal gestation.
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1. Introduction

The human immunodeficiency virus (HIV) can be vertically transmitted from a woman living with HIV
to her child during pregnancy, childbirth, and breastfeeding. Antiretroviral therapy (ART) prevents
vertical transmission of HIV by providing prophylaxis to the fetus or infant and lowering the mother’s
viral load (VL) (1, 2). The World Health Organization estimated the number of pregnant women living
with HIV at 1.3 million, with 81% receiving ART (3). Due to the prevention of vertical HIV transmission,
there is a decrease in infants acquiring HIV vertically. Correspondingly, there is an increasing
population of HIV-exposed and uninfected (HEU) infants and children, with the current global estimate

of infants and children who are HEU at around 15 million (4).

While findings have been inconsistent, some studies indicate that HEU infants and children are at an
increased risk of impaired growth and development (5,6). Preterm birth and low birth weight are
substantially more common in HEU infants than in HIV-unexposed and uninfected (HUU) infants (7).
According to several studies, exposure to specific antiretroviral (ARV) drugs has been associated with
adverse birth outcomes (8). Nucleoside reverse transcriptase inhibitors and non-nucleoside reverse
transcriptase inhibitors (NNRTI) have both been linked to fetal malformations such as neural tube

defects and mitochondrial dysfunction, respectively (9).

Although HEU children are not infected with HIV, evidence suggests that they have a higher frequency
of hospitalizations and are at a higher risk of severe infections such as anemia, respiratory tract
infections, tuberculosis, and other infections (10-12). Occasionally, severe infections may be followed
by clinical evidence of immune impairment. Several factors have been associated with higher
morbidity and mortality rates in HEU children. These factors include perinatal and postnatal (during
breastfeeding) exposure to maternal HIV and ART, a pro-inflammatory state in the mother, and a

compromised maternal immune system (11,13).

When compared to their HUU counterparts, the growing HEU population is at a higher risk of
neurocognitive and neurodevelopmental delays (14—-16). Several foundational processes occur during
the in utero period and the first two years of life, including neurulation, neurogenesis, microglial entry,
synaptogenesis, apoptosis, gliogenesis, and myelination (17). These processes are accompanied by
changes in brain volume and cortical thickness (18,19). Perinatal and postnatal (during breastfeeding)
exposure to maternal HIV and ART may have an impact on fetal brain development. Perturbations in
coordinated brain development processes caused by these factors can disrupt early development and

have long-term consequences (20,21).



Neurodevelopmental studies show that HEU children are more likely to develop neurological
symptoms such as expressive language delay and subtle cognitive and motor impairment (14,22),
whereas other studies found no neurodevelopmental differences between HEU and HUU children
(23-26). In a longitudinal study, neurocognitive performance in HEU children was initially similar to
that of their HUU peers but started to fall behind in the late pre-school to early school-age years (27).
Some studies have found that HEU children in their pre-school and school-aged years have poor school
performance, grade repetition, and a lower working memory profile (28-31). In other studies of
school-aged HEU, researchers discovered subtle deficits in language-related cognitive performance

when compared to control children (30-32).

Magnetic resonance imaging (MRI) complements cognitive testing by providing possible insight into
abnormalities or developmental delays responsible for cognitive impairments. Proton magnetic
resonance spectroscopy (MRS) is a non-invasive technique that measures concentrations of specific
metabolites. These biochemicals provide information about brain health and development as well as
pathological consequences. Altered metabolite concentrations can provide insight prior to or even in
the absence of clinical features (33—36). The metabolites commonly studied include: total creatine
(creatine plus phosphocreatine) (Cr+PCr) which reflects energy metabolism, N-acetyl-aspartate
(NAA), a neuronal integrity marker, glutamate (Glu), a primary excitatory neurotransmitter, in
addition, choline-containing compounds phosphocholine plus glycerophosphocholine (GPC+PCh) and
myo-inositol (Ins). GPC+PCh reflects myelination and myelin breakdown as well as cell membrane

turnover, whereas Ins is a glial marker (36,37).

1.1 Background

In order to understand and discuss the possible effect of HIV and ART exposure on regional brain
metabolism in newborns, we present background on the influential factors. Fetal brain development
is vulnerable to maternal health factors, in particular maternal infection, nutrition, and stress (38).
While the neonate is less dependent on the health of the mother after birth, the infant brain may still
be vulnerable to maternal health factors through breastfeeding. The composition of human milk is

also susceptible to changes caused by maternal infection, nutrition, and stress (39—41).



1.1.2 The effects of HIV on the maternal immune system

1.1.2.1 The gut-associated lymphoid tissue as an anatomical reservoir for HIV

The gut-associated lymphoid tissue (GALT) is the largest immune organ in the human body. It contains
a high concentration of C-C chemokine receptor type 5 (CCR5*) expressing cluster of differentiation
(CD) 4 * (CD4*) T lymphocytes (T cells) that are susceptible to HIV. It also contains dendritic cells and
macrophages, making it ideal for HIV acquisition as well as replication (42—44). It is one of the first
tissues to become infected following an HIV infection. In non-human primate studies, severe and/or
near-complete depletion of CD4" T cells was observed as early as 4 days after simian
immunodeficiency virus (SIV) infection (45,46). The severe CD4* T cell depletion is caused by the viral
infection’s direct cytotoxic effect and cytotoxic T lymphocyte killing of the CD4" T-infected cells due to
high viral replication rates (47). Furthermore, uninfected CD4* T cell bystander apoptosis contributes
(47). Depletion of CD4* T cells is associated with increases in CD8* T cell percentages as well as pro-
inflammatory chemokines and cytokine markers (48-50). The majority of CD4*T cells are found in the

lymph nodes, particularly in the mucosal lymphoid tissues such as the gastrointestinal (Gl) tract (51).

According to research, HIV replication persists in the GALT despite ART treatment (52,53). The GALT
is an anatomical HIV reservoir. It is a latent reservoir, which means it contains long-lived memory CD4*
T cells bearing replication-competent proviruses. When activated CD4* T cells are infected by HIV, viral
ribonucleic acid (RNA) is reverse transcribed into viral deoxyribonucleic acid (DNA) (known as a
provirus) and integrated into the host genome. During the reversion of activated CD4" T cells to a
resting memory state, where HIV gene expression is limited, these cells are virologically quiescent and
lack the ability to produce viral particles (54,55). This then generates a pool of long-lived memory CD4*
T cells with HIV proviruses. These long-lived latent CD4* T cell reservoirs are unaffected by ART and
unrecognised by the immune system. These cells can resume viral reproduction (known as viral
rebound) upon reactivation if ART is discontinued, which is a major obstacle to HIV eradication (55,56).
The case of the Mississippi baby suggested that very early ART initiation (as early as 30 hours of age)
continued for 18 months (upon confirmed HIV infection at week 1 of age) reduced the latent
reservoirs, which were adequate to permit a period of 27 months of virological control when ART was
discontinued. However, virological rebound was observed at 45 months of age, illustrating how even
treatment started 30 hours after birth was not able to prevent the establishment of a latent reservoir

(57).

A study conducted by Perelson et al. examining the decay of the replication-competent latent

reservoir identified the half-life of latent reservoirs to be approximately 44 months (58). Based on this,



it would take 73 years of ART alone to fully eradicate HIV from the body (59). The mechanisms of low
but persistent levels of ongoing HIV replication explain how the virus persists despite ART, even in
individuals on uninterrupted ART with undetectable plasma viral loads for 5 years (53,60). Initiation
of ART during the acute phase of infection reduces the size of the latent reservoirs but does not
eliminate them. Persaud et al. discovered that, irrespective of the early lopinavir/ritonavir-based ART
initiation for continuous 96 weeks, replication-competent viruses were detected in a significant
proportion of infants (60%). The median frequency of the replication-competent reservoir was 1.88
infectious units per million (IUPM) CD4* T cells at 24 weeks and 0.33 IUPM at 96 weeks (61). Clinical
evidence suggests that HIV latent reservoirs are established early in infection (within days after
infection) before ART can be initiated or the development of antiviral immunity (HIV-specific T cells
and antibody responses) (62,63). It is noteworthy that, before an antiviral immune response develops,
there are increased numbers of new viral particles produced, and viral plasma levels rise to more or
less 100 million copies per milliliter (mL) (64). Apart from the fact that ARV drug concentrations are
unable to fully suppress viral replication in lymphoid tissue compartments, Fletcher et al. discovered
that drug penetration for commonly used ARV drugs was lower in mononuclear cells isolated from the
lymph nodes, ileum, and rectum than in peripheral blood mononuclear cells (65). These factors enable

the persistence of HIV replication as well as the development of drug mutations and resistance (66).

1.1.2.2 HIV and microbial translocation

Early loss of GALT CD4* T cells represents the loss of over 90% of lymphocytes within the body as
compared with the peripheral blood, which contains only 2 to 5% of all lymphocytes (46,47). The
biggest loss to the T cell population are the CD4* cell subsets, T helper (Tu) 17 cells (Ty17), which are
responsible for the production of pro-inflammatory cytokines like interleukin (IL) 17 and 22. These
pro-inflammatory cytokines (IL-17 and IL-22) are important for antimicrobial immunity (67) because
they promote the recruitment of neutrophils to areas of bacterial infection and the production of
antimicrobial peptides such as defensins (68—70). Furthermore, they are critical for immune function
and epithelial integrity through the induced proliferation of enterocytes (71). The loss of Ty17 cells
leads to microbial overgrowth and epithelial injury. This is evidenced by a loss of epithelial cells
(enterocytes), a decreased expression of genes that promote epithelial repair, and a disruption of tight
junctions between cells (72—76). With disease progression, compromised mucosal integrity allows
commensal microbes and/or microbial products to translocate (microbial translocation) from the
intestinal lumen into the lamina propria and eventually into the systemic circulation in the absence of
overt bacteraemia (77). These microbial products may include lipopolysaccharide (LPS) (78),

peptidoglycan (79), ribosomal DNA (rDNA) (80), lipoteichoic acid (81), unmethylated CpG-containing



DNA (82), and flagellin (78). Furthermore, microbial products have both local and systemic effects

after passing through the liver due to their stimulation of innate immune cells (43,83).

LPS is found in the outer membrane of gram-negative bacteria. It is an example of the many microbial
products that elicit potent pro-inflammatory cytokine responses. Others include nucleotide-binding
oligomerization domains 1 and 2, along with Toll-like receptor (TLR) 4, TLR9, TLR6, TLR2 and TLR5. LPS
correlates with measures of immune activation (77). LPS is recognized by TLR4 on immune cells such
as macrophages, monocytes, and dendritic cells. Upon binding, a signalling cascade is activated,
leading to the production of pro-inflammatory cytokines including IL-1 beta (B), IL-6, type | interferons
(IFNs, including IFN-a and IFN-B), and tumor necrosis factor alpha (TNF-a) (77,84,85). The production
of cytokines is highly essential for the host. However, excessive levels of systemic pro-inflammatory
cytokines may contribute to immune activation, inflammation, and the apoptosis of immune cells. This
can lead to an impaired immune system’s ability to sustain normal levels of lymphocytes that are
responsible for the production of homeostatic effector cytokines such as IL-17 and IL-22 (86,87). These

cytokines are essential for the maintenance of epithelial barrier integrity in mucosal tissues.

Soluble CD14 (sCD14) is a marker of monocyte and macrophage activation that is positively correlated
with LPS levels in individuals living with HIV (88,89). sCD14 can bind to LPS and deliver it to a variety
of cell types for further LPS-induced activation (90). Microbial translocation is an essential factor
driving inflammation and immune activation in individuals with chronic HIV infection. In an SIV-
infected animal study, Kristoff et al. demonstrated that blocking microbial translocation drastically
reduced T cell activation and the production of inflammatory cytokines (91). Additionally, as a direct
result of T cell activation, intracellular nuclear factor kappa B levels are increased and enhance the
transcription of integrated proviruses, resulting in the production of new viral particles (92). Appay et
al. suggested a vicious cycle in which HIV replication promotes immune activation (example, T cell

activation) and immune activation promotes HIV replication (43).

An upregulation of tryptophan catabolism further decreases the T417 cell population by altering the
balance of Ty17 to regulatory T cells (Treg cells). Briefly, upon activation of macrophages and dendritic
cells by LPS, indoleamine 2,3-dioxygenase 1 (IDO1) is produced by these cells, which is responsible for
the conversion of tryptophan to tryptophan catabolites like kynurenine. A T cell shift from the T417
phenotype to Treg cells is observed when tryptophan catabolites simultaneously inhibit RAR-related
orphan receptor C expression (responsible for inducing the production of IL-17 and IL-22 secreting
Tul7 cells) and induce forkhead box protein P3 expression (responsible for Treg differentiation). An
endless loop is established in which the loss of Ty17 cells results in the translocation of microbial

products, such as LPS, that stimulate macrophages and dendritic cells and activate the IDO1 pathway,



which further results in the loss of Tu17 cells. In addition, these tryptophan catabolites result in
decreased natural killer (NK) cell production of IL-17 and IL-22 (93,94). A positive correlation was
reported between IDO1 activity and increased levels of sCD14 and LPS, increased CD8* T cell
activation, and decreased CD4* T cell counts in individuals living with HIV in a study conducted by Favre

etal. (95).

1.1.2.3 Decreased clearance of bacterial products

Microbial products normally colonize the colon, with strong mechanisms in place to prevent entry into
the systemic circulation. These mechanisms include the physical barrier (mucus and epithelial cells)
and innate immune factors (secreted immunoglobulin A, phagocytic activity, antigen-specific T cells,
and intraepithelial lymphocytes) (96). Microbial products pass through the portal vein from the gut
mucosa into the liver. The liver plays a critical role in the clearance of microbial products. In particular,
either hepatocytes or Kupffer cells recognize microbial components through TLR, whose stimulation
leads to the clearance of microbial products (mostly LPS) through the release of pro-inflammatory
cytokines and oxygen free radicals (97). In animal studies, LPS intravenously administered is cleared
from the circulation within a few minutes, with the majority traced in the liver (98,99). However,
Kupffer cells can be infected by HIV, which may impair their ability to clear microbial products and
mitigate the consequences of microbial translocation. According to studies of people living with HIV
who have liver fibrosis and cirrhotic portal hypertension, HIV alone may be associated with blood
diverted away from the Kupffer cells, impaired hepatic structure and function, and decreased
synthesis of proteins involved in LPS clearance (94,100,101). This then allows microbial products
access to the peripheral circulation. Furthermore, during HIV infection, the levels of endotoxin core
antibodies (EndoCAb), which play an important role in the clearance of LPS, are reduced in the

peripheral circulation (89).

1.1.2.4 Other sources of immune activation

HIV-mediated microbial translocation is not the only driving force of immune activation and
inflammation. HIV replication contributes directly to T cell activation through antigenic stimulation by
the virus. And stimulation of innate cells by viral RNA binding to TLR7 and TLR8 leads to a strong T cell
response, with up to 50% of certain CD8" T subsets activated and persisting during the chronic
infection phase (102). The percentage (%) of the CD4" T cell responses is low; this is likely due to their
depletion or cell death by the virus (103,104). Viral RNA is also sensed by the pattern recognition
receptors TLR7 and TLR8 as well as TLR9 on immune cells such as NK cells and plasmacytoid dendritic

cells, respectively, which trigger the production of pro-inflammatory cytokines (105,106). Moreover,
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HIV DNA present in the cytoplasm of the targeted cells has been reported to activate caspase-1, and
the release of pro-inflammatory cytokines, including IL-1B, ensues (107). However, the degree of
immune activation observed throughout the period of HIV infection through the stimulation of HIV
antigens alone is not the consequence of the overall observed immune activation. In vitro research
studies demonstrate that HIV gene products, like the envelope protein glycoprotein 120 (gp120) (108-
110) and the accessory protein negative regulatory factor (Nef) (111-113), can induce direct activation
of lymphocytes, monocytes, and macrophages in the absence of direct infection and give rise to pro-
inflammatory cytokines and chemokines (114). HIV infection can indirectly cause immune activation
and inflammation, mostly through co-infections. Influenza and common viruses such as Epstein-Barr
virus (EBV) and Cytomegalovirus (CMV) contribute to high T cell activation. Studies have found that
during primary HIV infection, CD8" T cells and CD4* T cells specific for CMV, EBV, and influenza show

a significant degree of activation (115-118).

1.1.2.5 The effects of ART and HIV on the body

Though studies have been inconsistent, ART might temper the process of microbial translocation
through the restoration of mucosal CD4" T cells when initiated early and during primary HIV infection.
But its effect is incomplete and delayed when compared to CD4* T cells in the peripheral blood. As a
result, microbial translocation continues long after peripheral CD4* T cell restoration. A study
conducted by Guadalupe et al. revealed that one of two patients treated during primary HIV infection
had incomplete restoration of the intestinal CD4* and CD8* T cells in GALT despite 5 years of ART (49).
A study conducted by Mehandru et al. found similar outcomes, despite 1-7 years of ART, 70% of the
patients in this study retained roughly 50% to 60% depletion of lamina propria lymphocytes (119). The
effector sub-compartment of the Gl mucosa of individuals living with HIV continues to severely lack
CD4* T cells despite continuous ART treatment (120). The potential root cause of the lack of complete
restoration and the ongoing loss of CD4* T cells during ART has not been fully determined, but several
studies have suggested different mechanisms as contributing factors. Potential mechanisms include:
1) the lack of complete viral suppression in the mucosal tissue, 2) decreased expression of genes that
are responsible for the repair and regeneration of the mucosal, 3) dysregulation of T cell homeostasis
in intestinal mucosal lymphoid tissue, 4) the severe damage that occurs in GALT very early during the
acute phase of HIV infection, and 5) the lack of homing of CCR9*B7" CD4* T cells (which includes the
gut-homing of Ty17 cells) to the mucosal tissue (48,121-123). Several studies of ART-treated patients
living with HIV found that plasma measures of microbial translocation such as LPS, sCD14, bacterial
16S rDNA, zonulin (a biomarker of intestinal permeability that decreases in response to epithelial

barrier disruption), and intestinal fatty acid binding protein (gut epithelial cell apoptosis marker) were



associated with disease progression (89,124—-126). Incomplete restoration of mucosal CD4* T cells may
account for the ongoing microbial translocation in treated patients living with HIV. Despite the fact
that the women in the studies were of childbearing age. These studies, however, predominately
enrolled men with a median age of 44 years. Therefore, future research is needed to determine

whether these findings can be replicated in women living with HIV during pregnancy.

1.1.3 Consequences of maternal immune activation

Compelling evidence demonstrates that an infection during pregnancy leads to direct physiological
changes in the fetal environment, which can disrupt prenatal brain development. This can result in
negative, long-lasting effects on the brain and behavioural development, accompanied by structural
and functional brain abnormalities (127). During pregnancy, maternal bacterial and viral infections
increase the risk of neurological disorders such as depression, schizophrenia (SZD), anxiety, learning
disabilities, and autism spectrum disorders for the fetus (128-132). Although the mechanisms
underlying this epidemiological relationship remain unclear, these disorders have been associated
with maternal inflammation or maternal immune activation (133,134). Cytokines may be involved
because infection during pregnancy activates the maternal immune system, generating cytokines. It
has been demonstrated that increased levels of pro-inflammatory cytokines, including TNF-a, IL-6 and

IL-1B are associated with the neurological disorders mentioned above (128-132).

Irving et al. carried out a study to determine whether maternal influenza virus infection resulted in
viral infection and maternal antibodies being transmitted through the placenta. The study, however,
found no evidence of transmission of the influenza virus or antibodies through the placenta (135). This
was supported by other animal studies that found no viral RNA in the offspring’s brains where the
mother was infected with influenza (136,137). A study injected pregnant rats with 0.5 mg/kg of LPS, a
frequently used experimental model to induce activation of the immune system in the absence of
infection, to simulate an inflammatory response on gestation day 16 and to mimic bacterial infection.
They discovered significantly higher levels of TNF-a, IL-6 and IL-1B in the placenta, as well as
significantly higher levels of IL-6 in the amniotic fluid. In the same study, pregnant rats injected with a
higher dose of LPS (2.5 mg/kg) on gestation day 16 had a small but significant decreased levels of TNF-
a (p = 0.035) in the fetal brain, demonstrating how maternal infection had a direct impact on the
cytokine levels of the developing fetal brain (138). In agreement with this phenomenon, Bell et al.
found increased fetal brain TNF-a and IFN-y (5 and 10 fold, respectively) and slightly decreased IL-10
following the cervical administration of LPS to the pregnant rat on gestation day 15 (139). A study
conducted by Gilmore et al. administered the synthetic analogue of double-stranded RNA

polyriboinosinic—polyribocytidilic acid (poly I:C), another experimental model for triggering immune



system responses in the absence of infection, to pregnant rats to model maternal viral infection. They
discovered significantly increased TNF-a protein levels (p = 0.0498) in the placenta and a trending
increase (p = 0.0925) in the amniotic fluid (140). Meyer et al. found that maternal viral-like (poly I:C)
immune activation resulted in increased fetal brain IL-6 protein levels without increases in
endogenously synthesized fetal IL-6 (141). These studies show that it is not the virus (or infection) that
directly causes fetal brain infection, but rather the indirect release of cytokines by either the maternal
or placental compartments that enter the fetal circulation and subsequently result in the alterations

of the fetal brain’s development.

The literature is inconsistent as to whether maternal inflammatory cytokines are capable of crossing
the placenta. Some studies, such as those described above by Gilmore et al., Urakubo et al., and Bell
et al., support this with observations of cytokines in the fetal brain, amniotic fluid, and the placenta
(138,140). Pro-inflammatory cytokines IL-2 and IL-6 were detected in the amniotic fluid and fetal
tissues, respectively, of pregnant dams injected directly with these pro-inflammatory cytokines
(142,143). Interestingly, there was a bi-directional transfer of IL-6 in the healthy term human placental
perfusion model, indicating the ability of cytokines to cross the placenta in a non-inflammatory
condition (144). Other cytokines capable of crossing the placenta include granulocyte colony-
stimulating factor and transforming growth factor-f 1 (145,146). Other in vitro studies, however,
indicate that pro-inflammatory cytokines such as TNF-a, IL-B or IL-a are transferred minimally or not

atall (144,147).

Pasca et al. and Hsiao et al. proposed that the placenta can produce its own array of cytokines
(including IL-10, IL-8, IL-6, IL-2, and IL-1, IFNs and TNF-a) that may be a second source for entry into
the fetal circulation and subsequently the fetal brain (148,149) . Cytokines are normal constituents of
the placenta that are responsible for preserving the integrity of the structure and functions of the
placenta (134). Cells of the placental barrier, including chorionic villi, uterine epithelial cells, and
trophoblasts, express a variety of TLRs. After the initial maternal infection response, these cells may
recruit additional cytokines (150-153). This is supported by a study conducted by Holmlund et al. that
found strong immunoreactivity (analysed with immunohistochemistry) for TLR4 and TLR2 in the
trophoblast that covers the peripheral chorionic villi of the placenta. This study also showed that upon
TLR2 and TLR4 stimulation with zymosan and LPS from fresh placental explants or incubated with
medium alone, they readily induced IL-6 and IL-8 cytokine production (150). Abraham et al. also found
that human trophoblast cells acquired in the early pregnancy stages produced type 1 interferons upon

TLR3 activation with LPS that have the ability to enter the fetal circulation (153).

Additionally, studies suggest that HIV infection contributes to the inflammatory response in the

placenta. Placental mononuclear cells, which are susceptible to HIV infection, from women living with
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HIV secreted higher levels of the pro-inflammatory cytokines IL-1B and IL-6 as compared to women
living without HIV (154). Placental trophoblastic cells (epithelial cells of fetal origin) from women living
with HIV expressed significantly higher levels of IL-1B, IL-6, and TNF-a compared to placental
trophoblastic cells from women living without HIV in a study conducted by Lee et al (155). In another
study conducted by Lee et al., placental trophoblasts from women living with HIV significantly
produced higher median levels of IFN-B protein. Macrophages in the placenta of women living with
HIV have increased production of granulocyte-macrophage colony stimulating factors and IL-2 and

decreased production of IL-4 and IL-10 (156).

Moreover, the maternal—fetal interface is responsible for the shift of the maternal Ty response from
a cell-mediated (Tn1) to a humoral (Th2) dominant response to sustain pregnancy and prevent allograft
rejection (157,158). The T2 response promotes successful fetal outcomes, whereas the Tyl response
induces adverse pregnancy outcomes such as spontaneous miscarriages (159). Tyl is characterized by
the recruitment and activation of NK cells and cytotoxic CD8* T cells, the production of pro-
inflammatory cytokines such as TNF-a and IFN-y, and the stimulation of TLRs. Increased production of
Tul- associated cytokines such as TNF-a has been linked to adverse pregnancy outcomes such as
spontaneous miscarriages, pre-eclampsia and preterm birth (160) and can be prevented by Tyl
cytokine inhibitors or the administration of anti-inflammatory T2 cytokines such as IL-4 and IL-10
(161). In comparison to peripheral blood mononuclear cells from women with a history of normal
pregnancies, which did not produce IFN-y but did produce IL-10, women with unexplained recurrent
miscarriages produced high levels of IFN-y but not IL-4 or IL-10 (162). Increased IFN-y levels were
found to be higher in the plasma and placental explant cultures of women living with HIV on ART who
were virologically suppressed (156,163). Tu2 cells either migrate to the maternal—fetal interface or can
be derived from naive T cells (converted to Ts2 cells). Infection or pathogens disrupt this shift, resulting
in an increased Tyl response and a decreased T2 response (with decreased IL-10-producing Tregs).
In the case of CMV infection during pregnancy, Tul induction leads to spontaneous miscarriages.
Similarly, studies have reported higher risks of miscarriages and stillbirths in women living with HIV
(164). In a study conducted by Mikyas et al., serum levels of TNF-a were significantly increased at all
time points throughout the three trimesters in pregnant women living with HIV, with 67% of women
treated with ART in comparison to pregnant women living without HIV. However, this study was not

clear on whether these women’s plasma viral loads were suppressed (165).

It is still a matter of debate whether other pro- and anti-inflammatory cytokines and IFNs can also
cross the placenta or whether it is only limited to certain cytokines. As much as the maternal and fetal
blood circulations are separated, HEU infants have been reported to have phenotypically antigen-

experienced CD8* and CD4" T cells (even though these are found in small numbers), with increased
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expression of HLA-DR, CD69, CD45R0 and CD40 (166—169). The peripheral blood of HEU children has
been reported to have CD8* immune responses to HIV proteins such as Nef, Gag, and Env (170). More
importantly, HIV gene products like the envelope protein gp120 from the mother (108—110) can cross
the placental barrier even in the absence of fetal infection (171,172). This can lead to the activation
of lymphocytes, monocytes, and macrophages, subsequently producing pro-inflammatory cytokines
and chemokines (114). Moreover, HIV-specific CD8* IFN-y responses have been found in the peripheral
blood of HEU infants (173). IL-8 and IL-1B produced by macrophages and dendritic cells were detected
and significantly higher in the plasma of HEU infants born to mothers with undetectable VL compared
to HUU infants (174). At 2 weeks of age, HEU infants’” monocytes and classical dendritic cells produced
more pro-inflammatory cytokines, such as TNF-a, IL-6 and IL-2, per cell in response to specific
pathogen-associated molecular patterns (PAMPs) and TLRs stimulation. In response to specific TLR
stimulation, HEU infants’ plasmacytoid dendritic cells produced more TNF-a and IFN-a per cell within
the first 6 months of life. However, all differences were normalized by 12 months of age in a study
conducted by Reikie (175). A study reported decreased and increased levels of IL-4 and IFN-y,
respectively, in the cord blood mononuclear cells of HEU newborns born to mothers who were
virologically unsuppressed (176). TNF-a and IFN-y levels were significantly higher in the cord blood of
HEU infants born to mothers with both detectable and undetectable plasma VL than in HUU infants
(177). This study also found significantly lower anti-inflammatory IL-10 production in HEU infants born
to mothers who had detectable plasma VL (177). Clerici et al. found significantly increased IL-7 in HEU

infants at birth and later in life compared to HUU infants (169).

Once cytokines enter the fetal circulation, they may enter the fetal brain through the blood-brain
barrier (BBB). The BBB (which consists of endothelial cells, pericytes, and astrocytes) is a physical
barrier that separates the peripheral blood and the extracellular fluid from the brain. In order to
prevent solutes in the peripheral circulation and the extracellular fluid from crossing into the
extracellular fluid of the brain. The vascular BBB is made up of endothelial cell tight junctions and the
blood-cerebrospinal fluid, which is situated at the choroid plexus (178). Cytokines are too large and
hydrophobic to pass through the BBB by membrane diffusion. However, because the BBB has selective
cytokine binding sites, systemic pro-inflammatory cytokines (such as IL-1pB, IL-1a, IL-6 and TNF-a) can
cross the BBB via saturable transport (179-182). Cytokines such as ILs are able to bind to the cerebral
vascular endothelium and cause endothelial cell metabolism alterations (183). Furthermore, cytokines
freely diffuse at circumventricular organs, where the BBB is permeable or leaky (184). In addition,
cytokines have the ability to increase BBB permeability, thereby increasing the likelihood of cytokines
and/or other inflammatory mediators’ access to the brain (185,186). Moreover, microglia and

astrocyte cells secrete cytokines on the brain side of the BBB that can induce neuroinflammation.
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However, the BBB is more permeable in infancy, though tight junctions are present early in
development. Lipid-insoluble molecules are more likely to enter the infant brain as compared to the
developed brain of adults (187-189). Cytokines that cross the brain or are produced within the brain
cause damage and/or loss to cells (astrocytes, neurons) and may ultimately affect neural function and

behaviour.

The majority of research has focused on the maternal pro-inflammatory cytokine (as opposed to anti-
inflammatory cytokine) response to infection during pregnancy and the increased risk for neurological
disorders in offspring later in life. Less is known about the assumed roles of anti-inflammatory
cytokines, prenatal exposure to maternal infection, and the emergence of brain and behavioural
dysfunctions. Meyer et al. compared the neuropathological outcomes of wild-type mice born to dams
that received a single injection of the viral mimic poly(l:C) (2 mg/kg) (prenatally exposed to pro-
inflammatory cytokines) and transgenic mice constitutively overexpressing IL-10 (maclL-10tg) in
macrophages. IL-10 is an anti-inflammatory cytokine that is released in order to limit the excess
production of pro-inflammatory cytokines. The authors proposed that if postnatal brain abnormalities
resulted from prenatal infection and/or inflammation exposure due to elevated levels of pro-
inflammatory cytokines in the fetal brain, then higher levels of anti-inflammatory cytokines such as IL-
10 at the maternal-fetal interface may be capable of reducing the effects of pro-inflammatory cytokine
exposure during the perinatal period. Their study supported this prediction, finding increased levels
of IL-10 during pregnancy prevented numerous behavioural abnormalities in adult offspring who were
exposed to prenatal immune challenge by poly(l:C). They also discovered that elevated IL-10 levels
during prenatal development were associated with abnormal behaviours in adult offspring evenin the
absence of prenatal exposure to pro-inflammation (190). This is similar to cytokine antagonists,
cytokine inhibitors, and antibodies. TNF-a in LPS, for example, caused skeletal development
retardation, fetal death, and intra-uterine growth restriction, demonstrating that injecting anti- TNF-
a (pentoxifylline, an inhibitor of TNF-a synthesis or antibodies) significantly inhibited TNF-a
production caused by LPS administration. This then resulted in a decreased overall number of fetal
deaths and reversed LPS-induced skeletal development and fetal intrauterine growth restriction
(191,192). Adult offspring born to mice that were injected with IL-6 during pregnancy had pre-pulse
inhibition (PPI) and latent inhibition (LI) deficits. The elimination of IL-6 from the maternal immune
response using genetic methods or co-administrated with an anti-IL-6 antibody, maternal poly(l:C)
treatment during pregnancy, can prevent PPl and LI, as well as exploratory and social deficits in the
adult offspring caused by poly(l:C). Similarly, when a poly(l:C) is given to a pregnant IL-6 knockout
mouse, the poly(l:C) is incapable of causing behavioural deficits and transcriptional changes in the

adult offspring (193).
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All of this points to the importance of an equilibrium between pro- and anti-inflammatory cytokines
in the prenatal period for healthy brain development. An equilibrium between pro- and anti-
inflammatory cytokines in the fetal brain may undo the long-term consequences of both classes of
cytokines on the brain and behavioural functions. Researchers hypothesized that a shift towards either
an excess in pro- or anti-inflammatory cytokines during an infectious response would therefore result
in behavioural dysfunctions in adult offspring (194). For instance, offspring of pregnant rodents with
either an overexpression of the anti-inflammatory cytokine IL-10 (190) or the pro-inflammatory
cytokine IL-6 (193) had similar behavioural and cognitive abnormalities. However, an overproduction
of anti-inflammatory molecules may result in less pathology compared to an increase in pro-
inflammatory cytokines. Meyer et al. pointed out extensive behavioural abnormalities following
excessive pro-inflammatory cytokine exposure in the fetal brain, as opposed to the restricted
pathological phenotype of specific behavioural abnormalities after increased anti-inflammatory

molecules in the fetal brain (190).

1.1.3.1 The effect of cytokines on glia cells

Peripheral macrophages are rapid responders to cell homeostasis disruptions. Macrophage activation
recruits immune cells and effector molecules for the restoration of tissue damage as well as the killing
of pathogens. In the brain, the resident tissue macrophages, the microglia, have a similar function to
peripheral macrophages (195,196). They regulate innate immunity and participate in adaptive
immune responses in the brain. Moreover, these cells express numerous surface and nuclear
receptors needed for the binding of complement proteins, major histocompatibility molecules,

cytokines, chemokines, cell adhesion molecules, TLRs, and many others (197,198).

During embryogenesis and early postnatal development, microglia (derived from a subset of CD45*
monocytic cells) infiltrate the brain, where they differentiate from the ameboid phenotype to a unique
ramified morphology (resting state) (195,199). Ramified morphology is characterised by long
branching processes that constantly survey the brain for any disruptions of homeostasis or immune
challenge due to the presence of injured cells and toxins associated with infection (198,200). In this
“resting” state, microglia have low expression and/or activation of surface markers as well as a small
cell body. However, resting microglia are not dormant or inactive, and the term “activation” markers
is somewhat of a misnomer. Nimmerjahn et al. found that these microglia cells are highly active in
their presumed resting state, surveying their local microenvironment by continually extending and

retracting their branching process (201).
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Until challenged by a stimulus orimmune pathogen, microglia are said to stay in a ramified state. Upon
arange of stimuli associated with tissue injury or inflammation, the ramified microglia are transformed
into amoeboid microglia. If the ramified processes are withdrawn, the central cell body region grows,
and surface markers are upregulated to adopt full immune effector functions (202—204). In this state
(amoeboid or activated), microglia are capable of responding to a range of stimuli associated with
pathological changes by secreting various inflammatory molecules such as cytokines (such as IL-1B, IL-
6 and TNFa) and free radicals such as reactive oxygen species (ROS) and nitric oxide (NO) (197).
Increased numbers of activated microglia were found in the brains of adult offspring treated prenatally
with LPS (205) and poly(l:C) (206—209). These cells are highly phagocytic, meaning they clear apoptotic
cells and cellular debris in the brain. Released inflammatory mediators also recruit more microglia to
the site of activation, which impairs the BBB permeability, thus allowing an influx of immune cells from
the peripheral (most notably activated monocytes and lymphocytes). Furthermore, secreted cytokines
and prostaglandins send signals to astrocytes to amplify their inflammatory response, resulting in the
accumulation and production of NO and iNOS (isoform of NO synthase) (198,210). Thus, reduced

microglial activation protects the brain from injuries induced by excessive inflammation (211,212).

1.1.3.2 Glial priming

After prenatal exposure to infection and/or inflammation, studies have suggested that the amoeboid
microglia in the fetal brain do not change but remain in this state (for example, do not differentiate
from the ameboid phenotype to a unique ramified morphology) into postnatal life (213). Moreover,
microglia that differentiate from the ameboid phenotype to a unique ramified morphology can be
activated by inflammatory cytokines that gain entrance to the fetal brain and become activated or
amoeboid microglia. The way microglia respond to stimuli is critically dependent on whether they
have recently been activated or ““primed” previously. Primed microglia cells have a large cell body,
short and thick processes, and are hyperresponsive to secondary stimuli, similar to activated or
amoeboid cells. However, when compared to cells in an activated state, primed glia cells do not
produce cytokines and other pro-inflammatory mediators. As a result, studies have hypothesized that
in response to subsequent infection or injury in the periphery (example, “second hit”), primed
microglia cause an over-production of pro-inflammatory cytokines (an exacerbated response) along
with free radicles within the brain (214). The overproduction of pro-inflammatory cytokines can cause
neuroinflammation as well as neuronal and oligodendrocytes (non-neuronal cells that can potentially
be demyelinated) damage and/or loss (neurodegeneration) (178), which can lead to deficits in

cognitive and motor function as well as other impairments (215,216).
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Microglia priming was first described by Cunningham et al. in a model of prion disease. In this study,
microglia from pre-symptomatic prion disease mice displayed dramatically increased production of
the pro-inflammatory cytokine IL-1B, neutrophil infiltration, inducible NO synthase expression, and
neuronal apoptosis in the brain in comparison to non-prion mice, ensuing central and systemic LPS
challenges. This study provided direct evidence of an exacerbated inflammatory response to a “second
hit” inflammatory challenge (215). Studies have shown how peripheral inflammation can stimulate
central inflammatory cytokine messenger RNA (mRNA) and protein synthesis. For instance, an early
study by Pitossi et al. demonstrated that following peripheral injection of LPS, the BBB was disrupted.
As a result, IFN-y, IL-6, TNF-a and IL-1B mRNAs were expressed in six brain regions (cerebellum,
hypothalamus, brain stem, thalamus, striatum, hippocampus, and cortex). The onset of transcription
ranged from 45 minutes (IL-1B, TNF-a) to 4 hours (IFN-y), and the peak of mRNA accumulation
occurred at various times depending on the cytokines and brain regions. Furthermore, LPS
administration led to the accumulation of cytokine transcripts, observed at 45 minutes for IL-1f3, TNF-

a, and IFN-y and at 2 hours for IL-6 in the pituitary gland (217).

The literature regarding priming has largely focused on microglia (218,219). Astrocytes (the major glial
population of the brain) are essential for neuronal development, repair, and synapse formation during
brain development (220). Astrocytes are components of the BBB and play a role in controlling
molecules that are transported in and out of the brain (221). Astrocytes have also been shown to have
altered function as a result of a previous inflammatory challenge. For example, given that astrocytes
express receptors for IL-1B and TNF-a (among others) and are activated by these cytokines, with
microglia being the primary producers of these factors. In a study conducted by Henn et al., astrocytes
showed a primed response to subsequent TLR2 ligands after being cultured with a cytokine mix of IL-

1B and TNF-a or with media conditioned by activated microglia (222).
1.1.3.3 The effects of cytokines on the hypothalamic-pituitary-adrenal (HPA) axis

Cytokines that gain access to the fetal central nervous system (CNS) as a result of a maternal infection
may activate the HPA axis, which is responsible for generalized stress responses. Activation of the HPA
axis by cytokines releases corticotropin-releasing hormone (CRH) and arginine vasopressin from the
fetal hypothalamus. Subsequently, these neuropeptides trigger the release of the adrenocorticotropic
hormone (ACTH) from the anterior pituitary gland. Consequently, ACTH prompts adrenal cortex
glucocorticoids production and systemic releases. Released glucocorticoids promote the production
of anti-inflammatory cytokines while stimulating the inhibition of pro-inflammatory cytokine
production. Glucocorticoids are essential for normal brain development, particularly in initiating

dendrite maturation and the remodelling of axons, as well as for cell survival (223). Excessive exposure
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to glucocorticoids in the fetal brain may result in delayed maturation of neurons (ultimately affecting
the structure of neurons and synapse formation between neurons), glia cells, and myelination. These
changes may have long-lasting negative effects on the brain’s development in utero as well as the
function of the HPA axis in the adult offspring’s (224,225). Additionally, the release of CRH and ACTH,
which secrete adrenal-derived glucocorticoids such as dehydroepiandrosterone and cortisol, are
important in neuroprotective mechanisms and in maintaining intrauterine homeostasis. However,

excessive CRH and ACTH levels can be detrimental to fetal development (226).

Pro-inflammatory cytokines are often produced in a cascade because it takes one cytokine to stimulate
its target cells in order to produce more cytokines. Pro-inflammatory cytokines that have gained
access to the fetal circulation as a result of maternal infection can activate or stimulate specific
antigen-presenting cells and non-antigen-specific cells. These can further produce and release a
variety of pro-inflammatory cytokines, depending on the cell type (227). Pro-inflammatory cytokines
are sensed by the afferent vagus nerve fibres, which convey signals to the brain. The vagus nerve
afferents as well as the glomus cells in the paraganglia surrounding afferent vagus nerve endings
express pro-inflammatory cytokine receptors (228). The efferent and afferent parts of the
inflammatory reflex are integrated by the medullary nucleus tractus solitarius. Nucleus tractus
solitarius neurons project to the dorsal motor nucleus of the vagus nerve, which houses the majority
of the efferent vagal preganglionic fibres (229). Subsequently, the efferent arm of the inflammatory
reflex, known as the “cholinergic anti-inflammatory pathway”, releases acetylcholine (ACh). ACh is
the primary vagus nerve neurotransmitter that inhibits pro-inflammatory cytokine production through
the use of the a7 nicotinic ACh receptor subunit. Macrophages and other cytokine-producing cells
(such as endothelial, dendritic, and T cells, monocytes, and other non-neuronal cells) expressing a7
nicotinic ACh receptors are inactivated when exposed to ACh (230,231). Borovikova et al. discovered
that ACh significantly reduced the release of cytokines including TNF-a, IL-1P, IL-6, and IL-18 at the
post-transcriptional stage but not the release of the anti-inflammatory cytokine IL-10 in endotoxin
(LPS) activated human macrophage cultures (232). Systemic humoral anti-inflammatory responses are
induced when information is relayed to the hypothalamus and the dorsal vagal complex. This happens
when inflammatory mediators activate afferent vagus nerve fibres, causing an increase in ACTH

release from the anterior pituitary glands (233).

1.1.3.4 Cytokines and neurotransmitters

There is strong evidence that the pro-inflammatory cytokine IL-2 can impact or regulate
neurotransmitters in the developing brain, altering their concentration or availability. The pyramidal

cell layers of the hippocampus and frontal cortex contain IL-2 receptors (234). Other cytokines,
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including IL-1q, IL-6 and IFN-a failed to modulate ACh release (235). Animal studies have shown how
IL-2 inhibits the release of ACh in certain parts of the brain only, like the hippocampus and frontal
cortex. (235,236). Moreover, in an animal study, the release of ACh was also inhibited by IL-2 in the
hippocampus (237). In old mice treated with IL-2, Nemni et al. observed neuronal cell loss and
degenerative changes in the hippocampus, as well as impairment of mnesic functions (238).
Inflammatory cytokines such as IL-6, IL-1B, and TNF-a, as well as IFN-y and IFN-a, can activate the
enzyme IDO1, which in turn converts tryptophan into kynurenine (239,240). Kynurenine preferentially
converts quinolinic acid in microglia and kynurenic acid in astrocytes. Kynurenic acid inhibits the
release of Glu and reduces the astrocytic expression of Glu transporters in astrocytes. In contrast,
quinolinic acid promotes the release of Glu through the activation of astrocyte N-methyl-D-aspartate
(NMDA) receptors (239,241,242). Also, quinolinic acid has been shown to promote glutamate
(released from astrocytes) binding and activation of extra-synaptic NMDA receptors on neuronal cells.
This has been shown to lead to decreased brain-derived neurotrophic factors, which are important in
neurogenesis. Activation of extra-synaptic NMDA receptors causes loss of mitochondrial membrane
potential and cell death (243). Moreover, quinolinic acid induces oxidative stress, which along with
Glu release, contributes to the brain’s excitotoxicity (244,245). Furthermore, increased glutamate
release can potentially lead to increased glutamate excitotoxicity due to insufficient glutamate

reuptake by astrocytes (246—248).
1.1.4 Impact of HIV and ART on gut microbiome

The foundations of the brain are put in place during the first 1000 days, which requires an adequate
supply of nutrients, including key vitamins and minerals (249). Potential gut microbiome changes in
mothers living with HIV and HEU infants may influence infant nutrition (250,251). For example, the
enzymes necessary for vitamin Bi; — which is involved in myelination — synthesis come from bacteria

(252). As a result, the maternal microbiome may indirectly contribute to infant brain growth.

1.1.4.1 Maternal gut microbiome

There is mounting evidence that changes in gut immunity and integrity in HIV infection are associated
with dysbiosis (an imbalance in the composition of the microbiota) in the gut microbial community.
HIV disease disrupts the normal microbiota of the gut, and several studies have found altered gut
microbiomes in people living with HIV who were treated or untreated with ART (253,254). Dysbiosis
was found to be associated with plasma inflammatory soluble factors as well as increased gut and
peripheral T cell activation (253,255). HIV-induced dysbiosis is typically characterized by a reduction

in overall microbial gut diversity (256). Peptostreptococcus, Porphyromonas, Anaerococcus, and
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Fusobacteria enrichment was found in people living with HIV who were not receiving ART, while
Alistipes, Coprococcus, Roseburia, and Ruminococcus were depleted. Treated individuals living with
HIV showed similar trends, but to a lesser extent; however, they were not statistically significant (257).
Individuals living with HIV on ART had a high abundance of Prevotella and Succinivibrio, whereas HIV
seronegative controls had a high abundance of Bacteroides and Faecalibacterium (258). Interestingly,
gut resident bacteria in individuals on ART were able to catabolise tryptophan through the kynurenine
pathway, which may contribute to the ongoing loss of IL-17 and IL-22 secreting Ty17 cell populations.
This study also found an association between dysbiosis in individuals on ART and plasma
concentrations of IL-6, both of which are established markers of disease progression (253).
Gammaproteobacteria, Enterobacteriaceae, and Enterobacteriales from the Proteobacteria phylum
were enriched in individuals living with HIV (receiving suppressive ART and with undetectable HIV
loads) compared to controls. The researchers also discovered significant positive correlations between
the relative abundances of Enterobacteriaceae and Enterobacteriales and the IL-1p, IFN-y and sCD14
levels (259). According to a recent study, HIV status during pregnancy was associated with lower
serum levels of inflammatory markers in mothers (GM-CSF and MMP-9) and HEU infants (IFN-y, IL-
1B). Furthermore, they also found associations between inflammatory markers (including GM-CSF,

IFN-y, IL-1PB) in infants at 6 — 10 weeks and poorer motor function at 2 years (260).

In comparison with people living with HIV, HIV seronegative individuals had increased Bacteroidaceae
(Bacteroides), Porphyromonadaceae (Parabacteroides), and Rikenellaceae (Alistipes) in a study
conducted by Lozupone et al. (261). Interestingly, Bacteroides fragilis, which produces polysaccharide
A, is responsible for the increased IL-10 and memory CD4* T cell populations. However, in this study,
it was discovered to be lower in people living with HIV (262). In the same study, people living with HIV
on long-term ART could still cluster with chronically untreated individuals living with HIV, indicating
that ART does not restore the microbiota composition to an HIV-negative phenotype (262). Supporting
evidence found that Bacteroides and Odoribacter genera, as well as an operational taxonomic unit
(OTU) classified as Parabacteroides distasonis, significantly decreased with HIV infection, and within
most individuals on ART, these low levels were sustained. Similarly, an OTU classified as Eubacterium
biforme, the Prevotella genus, and the Paraprevotellaceae family significantly increased with HIV
infection. However, in individuals living with HIV on ART, the abundances vary, though they do not

decrease toward the low levels observed in individuals living without HIV (261).

ARV drugs themselves may contribute to dysbiosis. Long-term ART, in particular a protease inhibitor
(Pl)-based ART regimen, was associated with reduced Roseburia and F. prausnitzii from the
Clostridiales order in a study conducted by Pinto-Cardoso et al. Both Roseburia and F. prausnitzii have

the ability to produce butyrate, which is required for maintaining a healthy gut homeostasis. The PI-
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based ART regimen is associated with significantly higher levels of sCD14 in plasma and decreased
endothelial integrity when compared to both NNRTI-based ART and individuals living without HIV
(263).

Notably, these are observational studies that do not provide evidence that HIV and/or ART cause

bacterial changes; rather, they show associations. More research is needed to determine causation.

1.1.4.2 HEU infant gut microbiome

The maternal gut microbiome can be vertically transferred to the neonate via breastfeeding (264,265).
The infant microbiome is primarily seeded via the feto-maternal interface (266). Jimenez et al.
demonstrated that bacteria can be detected in the meconium of healthy neonates (267). Other studies
detected the presence of bacteria in the umbilical cord blood, placenta, amniotic fluid, and fetal
membranes (267-272). Collado et al. found shared features between microbiota compositions
identified in the placenta, amniotic fluid and meconium, supporting the transfer of microbiota at the

feto-maternal interface (266).

The bacterial changes involved in dysbiosis in mothers living with HIV may be passed on to uninfected
infants. ART may contribute to the disruption of the gut microbiome of HEU children (273). A
substantial proportion of bacteria found in an HEU infant’s stool can be detected in the mother’s
breast milk (274). Dysbiosis in HEU infants may result in the disruption of the intestinal barrier,
allowing gut microbiota composition or metabolic products to be translocated from the intestinal
lumen to the systemic circulation (254,275) (which, as described above, can further lead to immune

activation).

1.1.5 Metabolites analyzed

1.1.5.1 Neuronal integrity

N-acetyl-aspartate is a neuronal marker that is involved in energy production as well as a source of
the acetate moiety required for lipid synthesis (276). It is synthesized in neurons from acetyl
coenzyme-A (CoA) and aspartate (Figure 1 (a)) (277) and further catabolized to aspartate and acetate
in oligodendrocytes (Figure 1 (b)) (278). During CNS development, acetate is converted to acetyl CoA

for fatty acid production, which is essential for myelin sheath synthesis (Figure 1 (c)) (276).

Postnatal myelination shows reduced but significant integration of NAA-derived acetate into the brain
lipids, suggesting NAA is involved in myelin lipid turnover (279,280) or the degradation of acetyl CoA
to carbon dioxide through the tricarboxylic acid (TCA) cycle for energy production (281). Aspartate is

converted to oxaloacetate through transamination (Figure 1 (d)). Oxaloacetate and acetyl CoA
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combine to generate citrate, which is subsequently converted to isocitrate and then to a-
ketoglutarate (Figure 1 (e-g)). Alpha-ketoglutarate (an essential component of energy and signaling
metabolism) is either converted to oxaloacetate or glutamate (Figure 1 (h)) (278). Reduced NAA

concentrations are associated with neuronal and axonal damage (282).
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Figure 1: Biosynthesis of N-acetyl-aspartate from aspartate and acetyl coenzyme A and its involvement
in energy production and lipid synthesis.

Abbreviations: a-Ketoglutarate= alpha-Ketoglutarate; AMP= adenosine monophosphate; ATP=adenosine triphosphate;
CoA= coenzyme-A; NAD+= nicotinamide adenine dinucleotide; NADH= nicotinamide adenine dinucleotide plus hydrogen;
PPi= pyrophosphate. (d) It must be noted that the glutamate produced here is not the end point but rather an acceptor for
the amino group removed from aspartate.

In the mammalian brain, Glu is the most abundant excitatory neurotransmitter. It is involved in many
brain functions, such as memory and learning, sensory and motor processing, cognition, and
homeostasis (283—-287). It is produced from glutamine using the enzyme glutaminase within neurons

(Figure 2 (a)) and then stored in synaptic vesicles. It is then released into the synaptic cleft from the
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presynaptic neuron terminal, where it then binds to postsynaptic neuron receptors for synaptic

transmission (Figure 2 (b)). Excess extracellular Glu is taken up by astrocytes (Figure 2 (c)) (288,289).

Within astrocytes, Glu is metabolically stored via its conversion to glutamine (Figure 2(d)) (290). Then
itis released from the astrocytes into the extracellular fluid, where it is taken up by neurons to produce
glutamate (Figure 2 (e)). This mechanism demonstrates the recycling of Glu through the glutamate-
glutamine cycle. Glu is alternately synthesized de novo from a-ketoglutarate in the TCA cycle (Figure
3) (291,292). Excess Glu generated by pathogenic processes induces cellular injury and/or death in

neurons and oligodendrocytes via glutamate-receptor-mediated excitotoxicity pathways (293).
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Figure 2: Schematic representations outlining the glutamate-glutamine cycle in a glutamatergic
synapse.

For synaptic transmission, glutamate produced from pre-synaptic neurons binds to post-synaptic neuron receptors. Excess
extracellular glutamate is taken up into astrocytes, where it is amidated to glutamine by glutamine synthetase using free
ammonia and returned to the neurons. The glutaminase reaction regenerates the glutamate and produces ammonia.
Glutamate might, to some extent, be metabolized within the TCA cycle of both neurons and astrocytes.

Abbreviations: ADP= adenosine diphosphate; ATP= adenosine triphosphate; H,O= dihydrogen monoxide;
NHz*=ammonium; Pi= phosphate; TCA= tricarboxylic acid.
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Figure 3: Biosynthesis of glutamate from a-ketoglutarate in the tricarboxylic acid cycle.

Abbreviations: NAD*= nicotinamide adenine dinucleotide; NADH= nicotinamide adenine dinucleotide plus hydrogen; NHs*=
ammonium.

1.1.5.2 Energy metabolism

Creatine plays an important role in adenosine triphosphate regeneration through the
creatine/phosphocreatine/creatine kinase system (Figure 4) (294,295). It is either acquired through
dietary sources or endogenously synthesized by the liver, kidney, pancreas, and brain from arginine
and glycine (Figure 5). Creatine acquired through dietary intake enters the circulatory system and
combines with peripherally synthesized creatine for delivery to high-energy demanding cells in the
brain. It enters the brain through the microcapillary endothelial cells of the BBB, which contain
creatine transporters. However, the astrocytes surrounding these microcapillaries do not contain
creatine transporters (296,297). As a result, reduced creatine is taken up by the brain, and the brain
is dependent on synthesizing its own creatine (298). Although arginine:glycine amidino transferase
(AGAT) and guanidinoacetate methyltransferase (GAMT) are expressed in neurons, oligodendrocytes,
and astrocytes, they are rarely co-expressed in brain areas such as the cortex and basal ganglia. As a
result, GAA must be transferred from AGAT-expressing cells to GAMT-expressing cells in order to

complete the creatine synthesis pathway (299).
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Figure 4: Systematic representation of the creatine/phosphocreatine/creatine kinase system in cells.

Creatine is taken up into cells by creatine transporters and transformed to the high-energy compound phosphocreatine by
mitochondrial creatine kinase before leaving the mitochondria for local ATP consumption.

Abbreviations: ADP= adenosine diphosphate; ATP= adenosine triphosphate; ATPase= adenosine triphosphatase; CK=
creatine kinase; Cr= creatine; PCr= phosphocreatine.
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Figure 5: Creatine synthesis in a two-step enzymatic pathway involving arginine:glycine amidino
transferase and guanidinoacetate methyltransferase.

Abbreviations: AGAT= arginine:glycine amidino transferase; GAMT= guanidinoacetate methyltransferase.
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1.1.5.3 Membrane integrity

Choline is a precursor for phospholipids such as phosphatidylcholine and sphingomyelin. These choline-
containing phospholipids are essential for the structural components of cellular membranes and the
myelination of nerve cells, respectively (300,301). Phosphatidylcholine accounts for approximately
95% of the total choline in tissues. The liver and, to a lesser extent, the brain synthesize
phosphatidylcholine from phosphatidylethanolamine through the phosphatidylethanolamine N-
methyltransferase (PEMT) pathway (Figure 6) or from pre-existing choline through the cytidine
diphosphate (CDP)-choline pathway (Figure 7) (301,302). Sphingomyelin, which is synthesized from
phosphatidylcholine (Figure 8), is a constituent of the myelin sheath that covers the axons of nerve
cells and enables efficient nerve signal transmission (303). Furthermore, choline is also a precursor for
the neurotransmitter ACh (Figure 9), which plays an important role in cholinergic signaling within the

brain (304).
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PEMT-II
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Phosphatidylcholine

Figure 6: Biosynthesis of phosphatidylcholine from phosphatidylethanolamine through the PEMT
pathway.

Abbreviations: PEMT-I= phosphatidylethanolamine-N-methyltransferase; PEMT-II= phosphatidyl-N-methylethanolamine-N-
methyltransferase; SAM= S-adenosylmethionine; SAH= S-adenosylhomocysteine.
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Figure 7: Biosynthesis of phosphatidylcholine from preexisting choline through the CDP-choline cycle.

Abbreviations: CTP= cytidine-5'-triphosphate.
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Figure 8: Biosynthesis of sphingomyelin from phosphatidyicholine and ceramide.
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Figure 9: Acetylcholine biosynthesis from choline and acetyl coenzyme-A.
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When choline is not endogenously synthesized by the liver, it is acquired through dietary intake as a
free base or as a constituent of phospholipid molecules (for example, sphingomyelin,
phosphatidylcholine, glycerophosphocholine, and phosphocholine, which can be broken down to
liberate choline) from foods such as eggs, liver, wheat germ, and fish (305). In an irreversible reaction
within the liver, much of the dietary free choline is oxidized to betaine, lowering choline bioavailability
(Figure 10 (a)) (306—308). Betaine is essential in the remethylation of homocysteine to methionine,
which is then converted to S-adenosylmethionine (Figure 10 (b)) (309). S-adenosylmethionine is a
major methyl donor for methylation pathways such as DNA methylation and
phosphatidylethanolamine methylation (Figure 10 (c)), which are responsible for regulating gene
expression and phosphatidylcholine synthesis, respectively (309-312). Regardless of the source,
choline is released into the systemic circulation and is transported to the brain for further metabolism

(313).
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Figure 10: Metabolism of choline to betaine, methionine and, S-adenosylmethionine.

(1) See figure 6 for sequential methylation of phosphatidylethanolamine to phosphatidylcholine.
Abbreviations: 5,10-MTHF= 5,10-methylene-tetrahydrofolate; 5-methyl-THF= 5-methyl-tetrahydrofolate; B12= vitamin B12;
SAH= S-adenosylhomocysteine; SAM= S-adenosylmethionine; THF= tetrahydrofolate.
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Numerous studies have found increased choline levels in the brain following choline administration,
demonstrating how the brain efficiently extracts choline from the plasma. Babb et al. observed an
increase in GPC+PCh/Cr+PCr in the left putamen of participants using MRS after ingestion of capsules
of choline bitartrate (314). Furthermore, Stoll et al. discovered significant and remarkably increased
GPC+PCh/Cr+PCr resonance in the subjects’ brains after a single oral dose of free choline (in capsules

of choline bitartrate) (315).

Maternal choline availability during pregnancy is critical for fetal brain development processes such as
neurogenesis, neural connectivity, and neuroplasticity, all of which are associated with learning,
cognitive, and memory functions throughout the lifespan (316). At 16 weeks of gestation, there was a
significant positive association between maternal plasma free choline and its derivative betaine and
infant cognitive developmental scores at 18 months of age. At 16 weeks of gestation, there was a
strong trend between maternal plasma free choline and its derivative betaine and infant gross motor

development at 18 months of age (317).

Choline is synthesized endogenously in small quantities, so it is made available to the fetus through the
placenta during maternal pregnancy, and maternal breast milk is a rich source of choline for the
developing neonate after birth (318,319). Choline is delivered to the fetus and/or infant through
processes that deplete both maternal plasma choline (320) and choline tissue stores (Figure 11 (a-c))

(321,322).

Furthermore, gut microbes may influence the amount of choline delivered to the fetus and/or infant
by the mother (323). According to research, trimethylamine (TMA) can be produced by certain gut
microbiota. More importantly, these choline-consuming gut microbes compete with the host for
choline to produce TMA. TMA, produced in the intestinal lumen, is then absorbed into the blood
circulation and further metabolized in the liver to trimethylamine N-oxide (TMAO) (324,325).

Ultimately, TMAOQ is distributed throughout the body, where it acts as an osmolyte (326).
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Figure 11: Choline is liberated from phosphatidylcholine and from phosphatidylcholine molecules
formed from preexisting choline by a family of enzymes.

The various phospholipases convert phosphatidylcholine into a) choline (phospholipase D), b) phosphocholine
(phospholipase C), or c) lysophosphatidylcholine (phospholipase Al). The enzyme d) glycerophosphocholine
phosphodiesterase also releases choline from glycerophosphocholine.

Abbreviations: GPC-CPD= glycerophosphocholine choline-phosphodiesterase; GPC-PD= glycerophosphocholine
phosphodiesterase.
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1.1.5.4 Signal transduction

Myo-inositol (Ins) is observed in higher concentrations in glial cells compared to neurons (327,328).
The brain derives Ins from two sources: (1) de novo synthesis from glucose and (2) dietary Ins. Grains
and plant fibers are particularly high in inositol as inositol hexakis-phosphate. Ins can be synthesized
endogenously from glucose in the brain, kidney and liver (329). Glucose-6-phosphate, formed from
glucose, is converted to inositol-1-phosphate, which undergoes dephosphorylation within the brain
to form free Ins (Figure 12 (a)). Ins is taken up by cells in the brain through a hydrogen-myo-inositol
symporter (HMIT) and two sodium-myo-inositol cotransporters, SMIT1 and SMIT2 (Figure 12 (b)).
These sodium-myo-inositol cotransporters are expressed on both neurons and astrocytes. SMIT1 is
primarily expressed on astrocytes, whereas SMIT2 is primarily expressed on neurons. Hydrogen-myo-

inositol symporters are only expressed in astrocytes.

A portion of intracellular Ins is involved in the phosphatidylinositol cycle, which generates the signaling
molecule inositol-1,4,5-triphosphate (IP3), which is responsible for the release of calcium from
endoplasmic reticulum stores (Figure 13). Ins is also an osmolyte. In response to the swelling of cells,
neurons and glial cells release Ins. Hypo-osmolality is the cellular response to the brain’s osmotic

stress, and sustained stress results in the loss of Ins to regulate tissue osmolarity (327).
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Figure 12: Myo-inositol biosynthesis, uptake, regeneration, and entrance into the phosphoinositide

cycle.
Abbreviations: HMIT= hydrogen-myo-inositol symporter; IMP= inositol monophosphatase; MI= myo-inositol; MIPS=myo-
inositol-phosphate synthase; SMIT1/2= sodium-myo-inositol transporters 1/2.
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Figure 13: Formation of intracellular signaling molecules from myo-inositol through the
phosphatidylinositol cycle.

Abbreviations: Ca%*= calcium; DAG= diacylglycerol; IMP= inositol monophosphatase; IP;1= inositol-1-phosphate; IP,= inositol-
4,5-bisphosphate; IP3 = inositol-1,4,5-trisphosphate; Pl= phosphatidylinositol; PI(4,5)P, = phosphatidylinositol-4,5-
bisphosphate; PKC= protein kinase C; PLC= phospholipase.

1.1.6 Previous MRS studies

1.1.6.1 MRS studies in healthy infants

Studies of healthy infants allow for the establishment of typical metabolite levels in the developing
brain, providing a baseline to identify important differences due to age or pathology. A study by Bliml
et al. presented growth profiles of metabolite levels across the brain in infancy. They found that the
first 3 months of life are critical for rapid metabolic changes in the developing brain. Within the first 3
months, absolute metabolite concentrations of Cr+PCr, Glu, and NAA increased rapidly. Myo-inositol
decreased rapidly during this period, whereas GPC+PCh remained stable. These results were observed
in both the cerebral white and gray matter of infants aged from birth to 3 months. Between 3 months
and 2 years, NAA increased, but it was not significant; Cr+PCr, GPC+PCh, Ins, and Glu declined
significantly in the parietal white matter. In the gray matter, Glu increased after 3 months but
stabilized after approximately 1 year. NAA and Cr+PCr increased, and Ins and GPC+PCh decreased

between 3 months and 2 years (330).
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1.1.6.2 MRS studies in HEU children

In an earlier study, Cortey et al. conducted a study of 10 newborns within the first 10 days of life. Five
infants were born to HIV-seropositive mothers (the HEU group), and the other five were not exposed
to HIV. HEU infants had significantly higher NAA/Cr+PCr and GPC+PCh/Cr+PCr ratios in white matter

than the control group (331).

A study of children living with and without HIV at the age of 5 was conducted by Mbugua et al. The
study reported lower levels of NAA and GPC+PCh metabolites in the BG of children living without HIV
compared to children living with HIV who initiated ART before 12 weeks of age. According to Mbugua
et al., the unexpected results in children living without HIV were driven by HEU children, who

accounted for 80% of the uninfected children (35).

Holmes et al. found age-related increases in several metabolites in a longitudinal study of young HEU
and HUU children. In the MFGM, the study found NAA and Cr+PCr metabolite levels increased
significantly with age. Glu increased strongly with age in the BG and NAA, Cr+PCr, Glu, and GPC+PCh
increased with age in the peritrigonal white matter (PWM). Interestingly, these results were
independent of HIV exposure. No significant differences were found between HEU and HUU children

across regions and metabolites (332).

Robertson et al. reported no differences in metabolite levels in the BG between HEU and HUU children
at the age of 7, but at the age of 9, the study found lower metabolite levels of Glu, NAA, Cr+PCr, and
GPC+PCh in HEU children compared to HUU children. Robertson et al. suggest that the lower
metabolite levels of NAA, GPC+PCh, Glu, and Cr+PCr in HEU children at 9 years of age reflect loss of
neurons, reduced cell density, and reductions in normal neurotransmission and energy metabolism,
respectively (37). Robertson et al. also suggested that the lack of group differences observed at age 7
as opposed to the group differences observed at age 9 may be due to the different scanners used for
the two groups. Contrary to the Allegra scanner used to scan children at 7 years of age, which has a
single head coil, the Skyra scanner used to scan children at 9 years of age has 32 head coils that provide

better quality.

In a follow-up study of the same cohort conducted by Graham et al., there were no differences in
metabolite levels between HEU and HUU children at the age of 11 within the BG, suggesting the
negative consequences of perinatal exposure to maternal HIV and/or ART were resolved by age 11
(333). Graham et al. also presented MRS findings in additional brain regions as compared to Robertson
et al (37). In HEU children in comparison to HUU children, the study found lower metabolite levels of
Glu as well as NAA in the MFGM. The study mentioned that the results observed demonstrate

neuronal damage and impaired Glu production through the TCA cycle due to ART-driven mitochondrial
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toxicity and/or the impaired uptake of Glu from the synaptic gap by the astrocytes, as previously
suggested by Ernst et al (334). In addition, NAA levels were also lower in HEU children in comparison

to HUU children in the PWM (333).
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Table 1: A table summarizing the MRS studies including HEU children.

Title, First author, year

Region of interest

Sample

Selected findings

Proton MR Spectroscopy of Brain
Abnormalities in Neonates Born
to HIV-Positive Mothers, Cortey
A, 1994

White matter

5 infants born to HIV-
seropositive mothers
5 infants born to HIV-
negative mothers.

M [NAA]/[Cr+PCr] and
[GPC+PCh]/[Cr+PCr] in HIV-
exposed uninfected infants.

HIV-associated CD4/8 depletion
in infancy is associated with
neurometabolic reductions in
the basal ganglia at age 5 years
despite  early antiretroviral
therapy, Mbugua K, 2016

BG

38 children living with HIV
age range 5-6.3 years. 12
on late ART and 26 on early
ART. 15 uninfected controls
age range 5.1-6.4 years. 12
HEU and 3 HUU

J in NAA and GPC+PCh in
children living without HIV in
comparison to children living with
HIV who initiated ART at or before
12 weeks of age.

Longitudinal increases of brain
metabolite levels in 5-10-year-
old children, Holmes M, 2017

MFGM, PWM and the
right BG

35 HUU and 29 HEU. Ages
5,7 and 9 years.

In the MFGM; NAA and Cr+PCr 4
with age.

In the PWM; GPC+PCh, Cr+PCr,
Glu and NAA M with age

In the BG; no significant changes
in GPC+PCh, Cr+PCr and NAA
levels were found with 4* age.
Glu 1 with age.

Across regions and metabolites,
no significant interactions
between HIV-exposure and age
were observed.

Perinatal HIV infection or
exposure |s associated with low
N-Acetyl aspartate and
Glutamate in basal ganglia at age
9 but not 7 years, Robertson F,
2018

BG

7-year-old; 45 children
living with HIV, 14 HEU and
12 HUU children.

9-year-old; 67 children
living with HIV, 15 HEU and
21 HUU children.

7-year-old; there were no
difference in the metabolite levels
between the groups.

9-year-old; HEU children had
Glu, NAA, Cr+PCr and GPC+PCh
than HUU children.

MRS suggests multi-regional
inflammation and white matter
axonal damage at 11 vyears
following perinatal HIV infection,
Graham A, 2020

BG, MFGM and PWM

11-year-old; 76 children
living with HIV, 30 HEU and
30 HUU children

In the BG; there were no
difference in the metabolite levels
between the groups.

In the MFGM; &' NAA and Glu in
HEU children than HUU children

In the PWM; HEU children had J
NAA than HUU children

Abbreviations: BG= basal ganglia; Cr+PCr= creatine plus phosphocreatine; Glu= glutamate; GPC+PCh= choline-containing
compounds (glycerolphoshocholine plus phosphocholine); HEU= HIV-exposed and uninfected; HUU= HIV-unexposed and
uninfected; Ins= myo-inositol; MFGM= midfrontal gray matter; NAA= N-acetyl aspartate; PWM= peritrigonal white matter.
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1.1.7 The impact of maternal HIV on the neurodevelopment of HEU children

There are a growing number of studies that demonstrate an association between HIV exposure
without infection and neurodevelopmental impairment across cognitive, motor, and/or language
domains, although the manifestations are more subtle compared to children living with HIV. A review
conducted by Le Doaré established that HEU children aged 3-5 years had subtle deficits in motor
functions, expressive and receptive language, cognition, and behaviour (14). Moreover, another
review by McHenry et al. found that HEU children had lower motor and cognitive scores compared to
HUU children (16). Compared to HUU controls, a study conducted by Le Roux et al. in South Africa
found increased odds of motor and cognitive delays in 12-month-old HEU infants, but they did not
find a delay in language (335). Van Rie et al. found moderate to severe delays in motor and language
development in a substantial proportion of HEU children (aged 18 to 72 months) when compared to
HUU children from Kinshasa, Democratic Republic of the Congo (32). HEU children aged 2 years in the
Drakenstein Child Health Study in South Africa and Zimbabwe were found to have receptive and
expressive language delays and poor motor and language development, respectively, compared to

HUU children (336,337).

A study from China reported lower cognitive and adaptive behaviour scores in HEU children aged 6 to
36 months. This study reported lower neurodevelopmental levels in the motor domain in older
children in the HEU group (30-35 months old) than younger HEU children from the same study (338).
This was similar to a longitudinal study that reported that neurocognitive performance in HEU children
was initially similar to that of their HUU peers but started to fall behind in the late pre-school to early
school-age years (27). In addition, a study by Adclok et al. discovered declining language abilities in
older (aged 16—-30 months vs. 815 months) HEU children in Kenya (339). Other studies suggest that
cognition and behaviour may be affected at older ages. Poorer school mathematics performance was
found in HEU children (6-12 years) in Zambia (29), while grade repetition in HEU children with an age
range of 7-11 years was reported by Mitchell et al (28). Kerr et al. reported lower verbal intelligence
quotient (1Q), full-scale 1Q, and Binet Bead Memory scores among HEU children compared to HUU
children. The mean differences were —6.13 (95% Cl:-10.3 to -1.96), p = 0.004; -4.57 (95% C|:-8.80 to
-0.35), p=0.03; and -3.72 (95% Cl:-6.57 to -0.88), p = 0.01, respectively (31).

In contrast, other studies found no significant neurodevelopmental outcomes between HEU and HUU
children. A study by Springer et al. reported cognitive, language (receptive and expressive), and motor
(gross motor and fine motor) composite scores within the normal range between HEU and HUU infants
(340). In a study from Thailand, no substantial differences were found in 1Q scores between HEU and

HEU children with a mean (standard deviation (SD)) age of 10.3 (2.8) years. A study by Chaudhury et
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al. found HEU children at 24 months performed equally well on neurodevelopmental assessments in

comparison to HUU children (341).

In order to make conclusions about a question or topicin the literature, one must consider the quality,
study design, and methodology differences, as well as the strengths and weaknesses of the studies

examined.
1.1.7.1 Weaknesses of the studies examined

It is possible that developmental delays in HEU children may be due to other factors rather than any
direct biological consequences of maternal HIV exposure during fetal gestation. One study discovered
that the living conditions of HEU children had a significant impact on neurodevelopmental outcomes
(31). Analyses by McHenry et al. revealed that child malnutrition and anemia, as well as a mother's low

education, were risk factors for one or more domains of neurodevelopmental delay (338).

When compared to HUU children, the Van Rie et al. and Adclok et al. studies included a relatively small
number of HEU children, making it difficult to control for potential confounders and draw statistical
conclusions, respectively (32,339). In addition, HEU and HUU children in the study conducted by Van
Rie et al. differed significantly across a range of socioeconomic factors (32). A review conducted by
McHenry et al. also included studies that had a relatively small sample size, which had a high risk of
confounding. Furthermore, six studies from outside the United States were classified as "low quality"

(16).

A study by Springer et al. reported that HEU infants performed equally well on neurodevelopmental
assessments as HUU infants. However, a greater proportion of HEU than HUU children had some
evidence of developmental delay (composite score <85) in the cognitive (HEU (9%) vs. HUU (0%)),
motor (HEU (6.9%) vs. HUU (5.2%)) and language (HEU (28%) vs. HUU (18%)) domains. The precision

was limited due to the relatively small sample size (340).

Confounders that could affect the neurodevelopment of HEU children were not taken into account in
some studies. Jahanshad et al.’s study lacked maternal history, such as mental health history and drug
and alcohol use during pregnancy (342). In a study conducted by Kerr et al., no data on maternal
antiretroviral drug exposure or pregnancy information (such as a preterm birth) was recorded (31).
Furthermore, because mothers in a study by Chandna et al. were not randomized to ART use or
regimen, it is difficult to determine whether any associations were due to ART or confounding factors

(337).

Nicholson et al. found poorer school mathematics performance in HEU children from different schools,
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and differences in grade recording by different teachers and schools may have increased variability,
potentially increasing the likelihood of finding differences. Some of the children’s reports were also
missing. Lower mathematics scores, according to the study, could be accurate, but it could also be a
coincidental finding as a result of numerous comparisons. The study did not explain why students performed
worse in mathematics at school (29). According to Mitchell et al., the primary causes of grade repetition in
HEU children were issues with school readiness and disruptions at school rather than the biological effects of

maternal HIV exposure (28).

1.1.7.2 Strengths of the studies examined

A variety of factors were considered in studies with larger sample sizes. The Drakenstein Child Health
Study in South Africa enrolled 732 children and included an appropriate control group from a similar
socioeconomic environment and socio-demographic risk factors (336). Another study conducted by
Chaudhury et al. had a large sample size of 732 children (168 HEU and 564 HUU children) and the ability
to test and control for a large number of potential environmental (electricity, housing, water, and
sanitation) and socioeconomic (maternal age, education, income, depression, as well as alcohol and

tobacco use during pregnancy) confounders (341).

The study by Smith et al. was the only longitudinal study that measured neurodevelopment at two
timepoints, allowing an assessment of how neurocognitive function evolves over time in HEU children.

The most important aspect is how it worsens with age (27).

The majority of data comes from non-breastfeeding populations or populations with a small
percentage of HEU children who are breastfed. In the latter case, studies by Chaudhury et al. (341) and
Springer et al. (340), for example, discovered that 9% of HEU children and 40% of HEU children (by 2
weeks of age) were breastfed, respectively. A study conducted by Le Roux included HUU and HEU

children who were all breastfed (335).

In a study conducted by McHenry et al., older children in the HEU group (30-35 months) had lower
mean composite scores in the motor domain than younger children (age groups: 6-11, 12-17, 18-23,
and 24-29 months) (338). Adclok et al. discovered worsening language outcomes at 16-30 months
rather than 8-15 months (339). These studies showed that these changes may reflect a slowing in
motor development rather than a loss of skills and that more subtle language impairments may be
difficult to detect at 8-15 months before explicit verbal communication develops, respectively

(336,338,339).
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1.1.8 The impact of maternal ARV drugs on neurodevelopment in HEU children

ART prevents vertical transmission of HIV by lowering the maternal VL as well as providing prophylaxis
through breastfeeding and transplacental exposure. Although ART protects the fetus and infants from
infection, ART exposure may have unexpected consequences for the fetus and infants’ brains. In
support of this, numerous animal studies find exposure to ART alone is related to morphological and

functional alterations in the brain (343-347).

Early developmental stages in infants can be measured by tests focused on sensorimotor or cognitive
domains. The most commonly used test for identifying neurodevelopmental delays in children
between the ages of 1 and 42 months is the Bayley Scales of Infant and Toddler Development (Bayley),
which has multiple subsets including cognitive, language, motor, social-emotional, and adaptive

behaviour (348).

The mean Bayley scores among HEU children with prenatal ARV drug exposure in comparison with
those without (HUU) were slightly lower in a study conducted by William et al (349). Lower
development and adaptive behaviour scores were found in HEU children exposed to multiple ARTs in
utero compared to HUU children (ages 18 to 36 months). However, when maternal substance use
during pregnancy was controlled, these differences were no longer observed (350). Sirois et al. found
no associations between in utero exposure to ART and mean scores for any of the five Bayley-lll
domains in HEU infants with and without perinatal ART exposure ranging from 9-15 months,
supporting the overall safety of ARV drugs. However, based on specific ARV drugs, atazanavir was
associated with lower mean scores on the receptive communication subtest of the language domain
(351). Supporting evidence was provided by a study conducted by Rice et al., though this study used
the MacArthur-Bates Communicative Development Inventory, which measures language
development between 8 and 30 months of age. At 12 months of age, atazanavir-exposed infants had
increased odds of late language emergence (delays) than atazanavir-unexposed infants (352). The
scores of infants exposed to tenofovir in utero were related to reduced social-emotional performance;
those exposed to nelfinavir were associated with reduced cognitive performance; and finally, those
exposed to lopinavir/atazanavir were related to reduced language and adaptive behavioural
performance when compared to HEU infants unexposed to the specific ARV medications (351).
Children who were prenatally exposed to either lamivudine or lopinavir/atazanavir performed
significantly better in terms of social emotional performance and language performance than HEU

children who were not exposed to either lamivudine or lopinavir/atazanavir (350).

The Wechsler Preschool and Primary Scale of Intelligence measures changes in later stages of

development. In a study of children aged 5 to 13, the mean cognitive and academic outcome scores
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in HEU children exposed to in utero ART were slightly lower than population norms. However, they
were not statistically significant after controlling for confounding variables (353). In a longitudinal
study conducted by Smith et al., in comparison with population norms for their ages. HEU children
prenatally exposed to ART had significantly lower adaptive behaviour and socialization scores at the
age of 3.5 years. However, when HEU children were 5.5 years old, they did not differ significantly from
the population norms in terms of adaptive behaviour and socialization, despite having significantly
lower verbal 1Q scores (27). A study comparing the long-term effects of an individual ARV drug,
zidovudine, to a placebo in children aged 5.6 years found no significant differences in cognitive

function (354).
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1.1.9 Aim and hypothesis
The aim of this study is to see if the metabolic brain abnormalities found in older HEU children are

present in neonates, as well as to identify any additional abnormalities that may exist.

Based on previous studies in older children, we hypothesize lower levels of Glu/Cr+PCr and
NAA/Cr+PCr in the BG and MFGM and GPC+PCh/Cr+PCr in the BG in HEU compared to HUU neonates.

Additionally, we hypothesize no ART duration exposure differences in metabolite/Cr+PCr ratios.

1.1.9.1 Motivation

(1) There is no published MRS work on neonates exposed to HIV and ART with varying ART duration

in utero, and

(2) Several confounders, such as feeding practices, socioeconomic status, parenting, and education,
that have the potential to emerge over time are minimized when neuroimaging is performed within

the first 35 days of life.

1.1.9.2 Main questions

(1) Does maternal HIV exposure impact early infant brain development?

(2) Does the length of exposure to ART in utero influence the developing brain?
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2. Methods and Materials

2.1 Participants

This study is a sub-study of a larger cohort study referred to as the Healthy Baby Study (HBS). The HBS
study included an MRI protocol for the acquisition of structural, functional and metabolic data in
neonates, and this study focuses on the MRS data only. Between 2017 and 2021, HBS recruited
pregnant women attending the antenatal clinic at the Michael Mapongwana Community Health Centre
(MMCHC) in Khayelitsha, Cape Town, where HIV sero-prevalence approaches 30% (355). The study
included pregnant women living with and without HIV who were 18 years of age or older before 7
weeks of gestation. Pregnant women living with HIV either initiated ART treatment pre-conception or
at their first prenatal clinical visit after 5 weeks of gestational age (GA). Exposing the fetus to ART since
conception (pre-conception) or after 5 weeks of GA (post-conception), respectively. The date of the
last menstrual period, fundal height, and an early antenatal ultrasound performed at the clinic were
used to calculate the GA. Following delivery, the GA was adjusted at antenatal time points based on
the GA estimate at birth, taking into account the aforementioned factors as well as a repeat ultrasound

examination.

Exclusion criteria for pregnant women included a history of recurrent premature deliveries, chronic
disorders (tuberculosis, hypertension, epilepsy, diabetes), known tuberculosis contact, being on
medications other than necessary pregnancy supplements and using drugs, or drinking more than
minimally (>7 drinks per week), or binge drinking (4 or more drinks per occasion). Pregnant women
living with HIV who were non-adherent to medication, not on the Tenofovir/Efavirenz/Emtricitabine-

containing regimen, or who had not disclosed their HIV status to their households were excluded.

At enrollment, demographic information was recorded. All pregnant women had monthly study visits
at similar times as routine antenatal care visits at MMCHC to monitor their health during pregnancy.
At the study visit, information was captured related to possible viral illnesses and trauma using the
Harvard Trauma Questionnaire. All pregnant women were also interviewed regarding their alcohol and
drug use using the timeline follow-back approach (356,357). At study visits closest to 20 and 33 weeks
of gestation, all pregnant women's urine was tested for recreational drug use (cannabis,

methamphetamine and methaqualone).

The HIV status of all pregnant women was confirmed using an HIV rapid test as per standard care for
all pregnant women in South Africa at the first antenatal clinic visit, at 32 weeks of gestation, in labour

and every 3 months if breast-feeding. The CD4" T cell count and VL within 6 months of pregnancy and
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at delivery of pregnant women living with HIV were obtained from the antenatal clinic records.
Pregnant women living with HIV were on a daily fixed dose combination containing Tenofovir, Efavirenz
and Emtricitabine. At each study visit, an adherence counselor administered an ART adherence

questionnaire.

The Harvard Trauma Questionnaire for Posttraumatic Stress Symptoms (HTS) was developed
specifically to screen for the presence of post-traumatic stress disorder (PTSD) in cross-cultural
populations (358). The HTS is a valid and reliable measure for screening PTSD when cross-cultural
sensitivity is required (359). Research addresses post-traumatic stress disorder based on traumatic
experiences such as sexual and/or physical abuse, emotional abuse, neglect and loss of family (360—
363). Pregnancy may trigger PTSD, with studies demonstrating how mothers who have experienced
traumatic events and have developed PTSD are more likely to exhibit hostile parenting behaviours or
more severely aggressive parenting practices (364,365). Withdrawn and emotionally unavailable
behaviours of traumatized mothers are experienced by their infants during daily routines such as

feeding and breastfeeding (366).

Questionnaires were administered in the mothers’ home language by trained research staff. They were
translated into isiXhosa, then back into English, and reconciled with the original version in accordance
with psychological assessment standards. Questions were read to the pregnant women, and options
for answers were given. All pregnant women were asked if they had experienced any difficult or
stressful events in the previous 6 months, whether they had witnessed it happen to someone else or
heard about it happening to someone they knew. If they identified an event, then the full questionnaire

was administered, with questions read to the participant to answer about the most upsetting event.

As per standard of care, neonates born to mothers living with HIV received a polymerase chain reaction
(PCR) test for HIV-1 DNA at birth, 10 weeks postpartum and 18 weeks postpartum (if at high-risk of
transmission) and an ELISA rapid test at 9 and 18 months. Although neonates did not receive HIV-1
DNA PCR testing on the day of the MRI scan, the results were consistent with those taken subsequent
to scanning, and we are confident that there were no neonates living with HIV on the day of the MRI

scan.

HEU neonates were classified as low-risk or high-risk according to maternal parameters (high-risk if
maternal VL >1000 copies/mL at 32 weeks of gestation). Low-risk neonates were given Nevirapine for
6 weeks, whereas high-risk neonates were started on a combination of Nevirapine and Zidovudine for

6 weeks.
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Neonates’ exclusionary criteria included birth weight <2500 grams (g), preterm delivery <36 weeks GA,
being positive on HIV-1 PCR, or conditions such as persistent hypoglycaemia, neonatal asphyxia,
severe neonatal jaundice, chromosomal abnormalities, or congenital malformations that could

influence neurodevelopmental outcomes.

2.2 Ethics Approval

The study was approved by the Human Research Ethics Committees of the University of Cape Town
and Stellenbosch University. All women enrolled provided written informed consent for themselves

and their neonates in their preferred language before participating in the study.

2.3 MRI data acquisition

MRI scans were acquired at the Cape Universities Body Imaging Centre (CUBIC), Groote Schuur
Hospital, Cape Town. Neonates were scanned using a 3T Skyra scanner (Siemens, Erlangen, Germany)
without sedation at a mean GA equivalent of 41.56 weeks (range 39-45 weeks). Around one hour
before the scheduled scan, a paediatrician weighed, examined, and performed the Dubowitz Infant
Neurological Examination while blind to HIV and ART exposure status (367). Neonates were then fed,
had sponge ear plugs inserted into their ears, and had neonatal foam ear pads placed over their ears,
held in place by a knitted cap. They were then gently rocked to sleep while lying supine on an MRI-
compatible vacuum cushion containing styrofoam beads (VacFix®, S&S Par Scientific, Houston, TX) that
fit snugly around their entire body, including the head, and imaged using the Siemens 16-channel

paediatric head and neck coil.

Neonates had three MRI acquisitions (structural, diffusion-weighted imaging, and MRS) on the day of
the scan (Figure 14). If neonates woke up or couldn’t fall asleep again within the allocated 2-hour

period, they could not continue with the MRI scan.

The protocol included a high-resolution T1-weighted multiecho magnetisation prepared rapid
gradient echo acquisition (MEMPRAGE) (368) (FOV 192 mm x 192 mm, repetition time (TR) 2540 ms,
inversion time (TI) 1450, echo times TE’s = 1.69/3.55/5.41/7.27 ms, bandwidth 650 Hz/px, 144 slices,
a resolution of 1.0 x 1.0 x 1.0 mm3 with flip angle of 7 degrees) and a single voxel proton MRS (Point
Resolved Spectroscopy (PRESS): 1.5 cm x 1.5 cm x 1.5 cm3 voxel; TR 2000 ms, TE 30 ms, 64 averages,
bandwidth 1300 Hz, vector size 1024)) in the BG and the MFGM with chemical shift selective (CHESS)
water suppression. A water reference was acquired in the same voxel without water suppression (TR

4000 ms, TE 30 ms).
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2.4 Processing the spectra

Eddy current correction (369) and spectral fitting were carried out on the scanner-averaged data using
linear combination model software (LCModel) (version 6.3-1) as described previously by Provencher
et al. (370) to calculate ratios of metabolites to total creatine (metabolite/Cr+PCr) (371,372). The
LCModel basis set included creatine (Cr), taurine, glucose, phosphocholine, glycerophosphocholine,
glutamine (GlIn), scyllo-inositol, Glu, Ins, L-alanine, lactate, NAA, negative creatine methylene
(-CrCH2), phosphocreatine (PCr), N-acetylaspartylglutamate (NAAG), aspartate, and g-aminobutyric
acid (GABA). Lipid and macromolecule resonances were modelled using additional 5 macromolecule

and 4 lipid Gaussian basis functions (LCModel User’s Manual).

To ensure quality data, spectra with a full width half maximum (FWHM) greater than (>) 0.07 parts
per million (ppm) and a signal-to-noise ratio (SNR) less than (<) 7 were considered to be of low quality
and were discarded from analysis (as in the Holmes et al. study (332)). To demonstrate that all
metabolites reported were well fitted by LCModel, we report the range of % SD for all metabolites

used in the final analysis.

2.5 Statistical analysis

R software version 3.1.1, together with RStudio software version 0.98.50751, was used for all
statistical analyses as well as visualisation of the data. To compare demographic and clinical
characteristics between groups of neonates or mothers, student t-tests or ANOVA (F) and chi-square
(x?) tests were used for continuous and categorical variables, respectively. Linear regression models
were used to examine HIV exposure group differences in metabolite to total creatine ratios. To look
at the possible influence of the duration of ART exposure on the developing fetus, we divided HEU
neonates into two groups based upon treatment initiation; - pre-conception or post-conception (at

the first prenatal clinical visit).

To determine potential confounding factors for each model, we calculated Pearson correlation
coefficients (r) between potential confounders and metabolite/Cr+PCr ratios. Possible confounders
included: FWHM, SNR, feeding method (exclusively breastfed, exclusively formula fed, or both breast
and formula fed), GA at the MRI scan, and neonatal weight, length, and head circumference. The GA
at the MRI scan was used instead of the age at the MRI scan. Maternal variables such as maternal age
at delivery, highest education level, monthly income, ounces (0z) of absolute alcohol consumed per
day averaged across pregnancy (1 oz of absolute alcohol is equivalent to 2 standard drinks) and
Harvard Trauma Scores during pregnancy were also considered as potential confounders. Potential

confounders related to the outcomes at p < 0.05 were included in the model. Significant confounders
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of interest, such as Harvard Trauma Scores and clinical measures in mothers living with HIV, were

further explored graphically and with interaction terms.
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3. Results

3.1 Participant’s demographic and clinical data

MRS data was successfully acquired from the BG for 135 neonates and from the MFGM for 117
neonates. The data from the BG for 10 neonates was excluded due to either low quality data (SNR< 7
and/or FWHM > 0.07 ppm), low birth weight (<2500 g), or preterm delivery (<36 weeks GA). The data
from the MFGM for 21 neonates was excluded due to either low quality data (SNR < 7 and/or FWHM
> 0.07 ppm), low birth weight (<2500 g), or preterm delivery (<36 weeks GA) (Figure 14). After
exclusion, MRS data was acquired from 125 neonates in the BG voxel and 96 neonates in the MFGM
voxel (Figure 14 and Table 4). The MRS data was acquired for 128 neonates in total (Figure 14 and
Table 4). The data comprised 83 HEU neonates and 45 HUU neonates. Of the 83 HEU neonates, 44
were exposed to ART since conception (pre-conception) and 39 were exposed to ART after 5 weeks of
GA (post-conception). No differences were found in the neonates’ sex, birth and MRI indices with
regards to weight, length, head circumference, and GA. Due to the study design, ART exposure duration
(in weeks) was significantly different between HEU neonates who were exposed to ART pre-conception
and those who were exposed to ART post-conception (t = 16.43, p < 2.2e-16). The ART exposure
duration ranged from 37.00 to 42.14 weeks in the pre-conception group (median 40.07 weeks) and
from 14.00 to 35.57 weeks in the post-conception group (median 26.14 weeks). Sample demographic

and clinical characteristics are summarized in Table 2.

In Table 3, the demographic and clinical characteristics of pregnant women living with and without
HIV are presented. Pregnant women living with HIV who initiated treatment pre-conception were
significantly older at the time of delivery (mean £ SD = 30.25 + 5.07, p = 0.01). Pregnant women living
with HIV who initiated treatment post-conception had a significantly lower mean CD4" T cell count
(mean + SD = 435.49 + 202.15, p = 0.001) in comparison to pregnant women living with HIV who
initiated treatment pre-conception. A higher median [interquartile range] HIV VL was observed in
pregnant women living with HIV who initiated treatment post-conception; however, this was not
statistically significant (117.50 [203.50], p = 0.09). Substance use in pregnancy was low and similar
across all women. Pregnant women had similar education and income levels, as well as similar

exposure to trauma. After birth, most mothers across all groups exclusively breastfed their neonates.
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Summary of acquired neonatal scanning data.

187 neonates 185 neonates 166 neonates 152 neonates 135 neonates 117 neonates had
were eligible were taken to had successful had successful had successful successful MRS
for an MRI the MRI structural DW!I scans. MRS scans in scans in MFGM.
scan. scanner. scans. BG.

2 neonates 19 neon.ates did 14 neonates woke 17 neonates woke up 21 neonates woke up after

missed a visit not fallinto a deep up after their T1 after their DWI scan. their BG MRS scan

to the MRI sleep and were scan.

scanner. not able to be I

scanned.

*3 neonates were added that
were not scanned for the
MRS-BG

Data for 8 neonates were
excluded due to low quality
data (SNR <7 and/or FWHM
>0.07 ppm).

A

Data for 19 neonates were
excluded due to low quality
data (SNR <7 and/or FWHM
>0.07 ppm).

Data for 2 neonates were
excluded due to low birth

weight and preterm delivery.

Data for 2 neonates were
excluded due to low birth
weight and preterm delivery.

A 4

Data from the BG for
125 neonates had high
quality and met the
inclusion criteria.

Data from the MGFM
for 96 neonates had

high quality and met
the inclusion criteria.

Figure 14: Summary of acquired neonatal scanning data.

Abbreviations: BG= basal ganglia; DWI= diffusion weighted imaging; FWHM-= full width half maximum; MFGM= midfrontal
gray matter; MRI= magnetic resonance imaging; SNR= signal-to-noise ratio; MRS= magnetic resonance spectroscopy; T1=T1-

weighted scan.
*3 neonates that woke up after their DWI scan and could not be scanned for the MRS-BG fell asleep again and were scanned

for the MRS-MFGM.
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Table 2: Demographic and clinical characteristic of 128 neonates.

N =128 HUU HEU (pre- HEU (post- x2ortorF p-value
conception) conception)

n= 45 44 39

Sex (n (%) Male) 24 (53.33) 24 (54.55) 20 (51.28) 0.09 0.96

Age at scan (weeks) 1.72+1.08 1.52+0.90 1.75+1.00 0.87 0.35

Exclusively breastfed 44 (97.78) 35 (79.55) 35 (89.74)

(n, %)

Exclusively formula 0(0) 5(11.36) 3(7.69) 8.40 0.08

fed (n, %)

Breast and formula fed 1(2.22) 4(9.09) 1(2.56)

(n, %)

Birth indices:

Weight ((g) Male) 3391.21 +£400.24 3289.38 £439.60 3250.00 + 450.13 0.68 0.41

Weight ((g) Female) 3206.76 £391.03  3235.75%322.15 3210.79 £+ 305.11 0.07 0.79

Length ((cm) Male) 50.54 +3.31 50.29 + 1.88 50.50+2.72 0.10 0.75

Length ((cm) Female) 49.52 +2.36 49.05+2.32 49.61 £ 2.85 0.36 0.55

Head circumference 33.98+1.34 33.98+1.39 33.55+1.44 0.00 0.99

(cm)

ART exposure duration N/A 40.06 £+ 1.25 24.75 £ 6.04 16.43 <2.2e-16

(weeks)

Indices at the MRI

scan:

Weight ((g) Male)* 3560.42 £+ 468.28 3504.17 £541.12 3526.32 + 318.58 0.18 0.67

Weight ((g) Female)? 3400.00 £ 456.24  3292.37 £ 346.00 3355.26 £+ 442.18 0.66 0.42

Length ((cm) Male) 51.52 +2.05 51.62 +2.14 52.45+1.75 0.03 0.87

Length ((cm) Female)®>  51.07 +2.22 50.79 + 1.73 51.97 £ 1.70 0.17 0.68

Head circumference 35.09+1.30 35.48+1.26 34.83+1.19 2.10 0.15

(cm)*

Gestational age 41.65+£0.91 41.56+1.14 41.44 £ 1.13 0.14 0.71

(weeks)

Values are mean * standard deviation with exception to y?, t-test, F values, p-values, number (n) and percentages (%).
The p values for group comparisons are derived from y2 or F or a t-test.

Bold font values indicate significance at p < 0.05.
12\Weight data at the MRI scan is missing for 1 male and 2 females. 3Length data at the MRI scan is missing for 2 participants.

4Head circumference data at the MRI scan is missing for 4 participants.

Abbreviations: ART= antiretroviral therapy; cm= centimeter; g= grams; GA= gestational age; HEU= HIV-exposed and
uninfected; HUU= HIV-unexposed and uninfected; MRI= magnetic resonance imaging; N/A= not applicable; Post-conception=
neonates who have been exposed to ART after 5 weeks of GA; Pre-conception= neonates who have been exposed to ART

since conception.
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Table 3: Maternal demographic and clinical characteristics.

Pregnant women Pregnant women Pregnant women xlortor p-value

living without living with HIV living with HIV F

HIV who initiated ART  who initiated ART

pre-conception post-conception

n= 45 44 39
Maternal Indices:
Age at delivery (years) 27.47 +£5.30 30.25 +5.07 28.15+4.99 6.52 0.01
GA at enrolment 20.03+5.16 21.58 +5.91 20.92+5.92 1.68 0.20
(weeks)
CD4* T cell count N/A 573.51 + 146.85 435.49 + 202.15 3.51 0.001
within 6 months of
enrolment (cells/pL)*
VL within 6 months of
enrolment:?
Undetectable (n, %) N/A 36 (81.82) 26 (66.67) 1.32 0.25
Detectable (n, %) N/A 8(18.18) 12 (30.77)
VL (copies/mL) N/A 29.00 [12.00] 117.50[203.50] -1.78 0.09
(median [interquartile
range])
Substance use across
pregnancy:
Alcohol use (n, %) 24 (53.33) 18 (40.91) 24 (61.54) 3.61 0.16
Absolute alcohol 0.04 +£0.02 0.03+0.01 0.04 +0.02 2.19 0.15
consumption/day (oz)
Cannabis use (n, %) 3(6.67) 1(2.27) 0(0) 3.23 0.20
Methamphetamine 2 (4.44) 0(0) 2(5.13) 2.20 0.33
use (n, %)
Methaqualone use 1(2.22) 0(0) 0(0) 1.86 0.39
(n, %)
Highest school level
completed (n, %)
Grade 6 0(0) 2 (4.55) 0(0)
Grade 8 2 (4.44) 1(2.27) 0(0)
Grade 9 0(0) 2 (4.55) 1(2.56) 15.11 0.13
Grade 10 3(6.67) 3 (6.82) 3(7.69)
Grade 11 9 (20.00) 19 (43.18) 13 (33.33)
Grade 12 31 (68.89) 17 (38.64) 22 (56.41)
Monthly Income (n, %)
Less than R2000 7 (15.56) 15 (34.09) 7 (17.95)
R2000 to less than 24 (53.33) 21 (47.73) 26 (66.67)
R5000 9.74 0.14
R5000 to R10 000 10 (22.22) 7 (15.91) 4(10.26)
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More than R10 000 4 (8.89) 1(2.27) 1(2.56)

Unknown? 0(0) 0(0) 1(2.56)
Harvard Trauma 36.40+11.76 39.74 £ 13.20 39.42 £16.18 1.25 0.27
Scores *

Values are mean * standard deviation with exception to y?, t-test, F values, p-values, number (n), percentages (%) and
median [interquartile range].

The p values for group comparisons are derived from y2 or F or a t-test.

Bold font values indicate significance at p < 0.05.

1CD4+ T cell count within 6 months of enrolment (cells/pL) data is missing for 3 participants. 2VL within 6 months of enrolment
(either detected or undetected) data is missing for 3 participants. 3Monthly income data is missing for 1 participant. 4Harvard
Trauma Scores data is missing for 5 participants.

Abbreviations: ART= antiretroviral therapy; CD4*= cluster of differentiation 4 +; GA= gestational age; HIV= human
immunodeficiency virus; mL= milliliter; N/A= not applicable; oz= ounces; VL= viral load; uL= microliter.
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3.2 Basal ganglia metabolite/Cr+PCr ratios in HEU and HUU neonates

The following were the ranges of the metabolites' %SDs found in the BG: NAA %SD range 5-20; Glu
%SD range 7-14; GPC+PCh %SD range 2-6; Ins %SD range 3-7; and Cr+PCr %SD range 3-5.

Table 4 summarizes the final number of subjects with MRS data within the BG voxel by HIV/ART
exposure grouping. Tables 5 and 6 summarize associations between metabolite/Cr+PCr ratios and
potential confounders for model building. In the BG, metabolite/Cr+PCr ratios were similar across
neonates, with only one exception: GPC+PCh/Cr+PCr. As shown in Table 7 and Figure 16, HEU
neonates had a lower mean GPC+PCh/Cr+PCr ratio (B = -0.03, p = 0.004) compared to HUU neonates.
Further analysis based on ART duration grouping found GPC+PCh/Cr+PCr ratios were significantly
lower in both pre-conception (B = -0.02, p = 0.02) and post-conception (B = -0.03, p = 0.01) HEU
neonates, compared to HUU neonates (Table 8 and Figure 17). There were no differences in other
metabolite/Cr+PCr ratios between HUU and HEU (pre-conception) or between HUU and HEU (post-

conception). The ART duration analysis results are shown in Table 8.

We found NAA/Cr+PCr ratios negatively correlated with maternal Harvard Trauma Scores across all
neonates (r = -0.19, p = 0.04) (Table 6 and Figure 15). Using an interaction term, the slopes of the
regression lines were not statistically significantly different between HEU and HUU neonates (B = -
0.0004, p = 0.63). Table 9 presents correlations between metabolite/Cr+PCr ratios and maternal
clinical variables. We found significant positive correlations between NAA/Cr+PCr and maternal CD4*
T cell count (r = 0.30, p = 0.01) (Table 9 and Figure 18). Using an interaction term, this was observed

across all HEU neonates independent of ART duration in pregnancy (B = 0.0001, p = 0.54).

Table 4: Sample number in each region of interest.

Basal ganglia Midfrontal gray matter Both basal ganglia and
midfrontal gray matter
HEU (pre-conception) 42 36 34
HEU (post-conception) 38 29 28
HUU 45 31 31
Total 125 96 93

Abbreviations: ART= antiretroviral therapy; GA= gestational age; HEU= HIV-exposed and uninfected; HUU= HIV-unexposed
and uninfected; Post-conception= neonates who have been exposed to ART after 5 weeks of GA; Pre-conception= neonates
who have been exposed to ART since conception.
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Table 5: Correlations between all neonates’ basal ganglia metabolite/Cr+PCr ratios and potential
neonatal confounding variables.

Metabolite FWHM SNR Weight (g) at  Length (cm) at Head Gestational Feeding
ratios the MRIscan the MRIscan circumference age (weeks) method
(cm) at the at the MRI
MRI scan scan
NAA/Cr+PCr -0.06 (0.54) 0.05(0.59) 0.13(0.14) 0.004 (0.97) 0.18 (0.04) 0.26 (0.004) 0.13(0.15)
Glu/Cr+PCr 0.24 (0.01) -0.18(0.04) -0.10(0.28) -0.24 (0.01) 0.04 (0.65) 0.06 (0.48) -0.11(0.20)
GPC+PCh/Cr+PCr 0.16(0.07) 0.22(0.01) -0.20 (0.02) -0.19 (0.03) -0.14 (0.12) -0.08 (0.38) -0.03(0.77)
Ins/Cr+PCr 0.08 (0.36) 0.08(0.39) -0.36(0.0001) -0.35(0.0001) -0.23(0.01) -0.26 (0.003) 0.06 (0.54)

The values are the Pearson correlation coefficients and p-values. Bold font values indicate significance at p < 0.05.
Abbreviations: cm= centimeter; Cr+PCr= total creatine (creatine plus phosphocreatine); FWHM= full width half maximum;
g=grams; Glu= glutamate; GPC+PCh= choline-containing compounds (glycerolphoshocholine plus phosphocholine); Ins=
myo-inositol; MRI= magnetic resonance imaging; NAA= N-acetyl aspartate; SNR= signal-to-noise ratio.

Table 6: Correlations between all neonates’ basal ganglia metabolite/Cr+PCr ratios and potential
maternal confounding variables.

Metabolite ratios Maternal age at Maternal Maternal Maternal absolute Maternal
delivery (years) education monthly alcohol Harvard Trauma
income consumption /day  Scores
NAA/Cr+PCr 0.07 (0.41) 0.08 (0.36) 0.09 (0.30) -0.07 (0.59) -0.19 (0.04)
Glu/Cr+PCr 0.005 (0.96) -0.15 (0.10) -0.21 (0.02) -0.10 (0.43) -0.04 (0.66)
GPC+PCh/Cr+PCr -0.09 (0.32) 0.03 (0.78) -0.05 (0.60) 0.06 (0.65) -0.04 (0.63)
Ins/Cr+PCr 0.06 (0.50) 0.09 (0.33) -0.08 (0.37) 0.16 (0.20) -0.05 (0.60)

The values are the Pearson correlation coefficients and p-values. Bold font values indicate significance at p < 0.05.
Abbreviations: Cr+PCr= total creatine (creatine plus phosphocreatine); Glu= glutamate; GPC+PCh= choline-containing

compounds (glycerolphoshocholine plus phosphocholine); Ins= myo-inositol; NAA= N-acetyl aspartate.
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Figure 15: A plot showing an association between NAA/Cr+PCr ratios and maternal Harvard Trauma
Scores in HIV-unexposed-uninfected and HIV-exposed-uninfected (pre-conception and post-
conception) neonates.

The values are the Pearson correlation coefficient and p-value. Significant at p < 0.05.

Abbreviations: ART= antiretroviral therapy; GA= gestational age; HEU= HIV-exposed and uninfected; HUU= HIV-unexposed
and uninfected; NAA= N-acetyl aspartate; Cr+PCr= total creatine (creatine plus phosphocreatine); Post-conception=
neonates who have been exposed to ART after 5 weeks of GA; Pre-conception= neonates who have been exposed to ART
since conception.
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Table 7: Unstandardised regression coefficients (B), standard errors (SE) and p-values from linear
regression analyses comparing metabolite/Cr+PCr ratios in the basal ganglia of HEU neonates (who
have been exposed to ART since conception (pre-conception) and after 5 weeks of GA (post-
conception)) to HUU neonates. Potential confounding variables reported in Tables 5 and 6 have been
adjusted for.

HUU (n = 45)
HEU (n = 80)
B SE p
NAA/Cr+PCr'23 -0.002 0.01 0.85
Glu/Cr+PCr*557 -0.03 0.02 0.21
GPC+PCh/Cr+PCr>63 -0.03 0.01 0.004
Ins/Cr+PCr-263 -0.02 0.03 0.43

Linear regression models include potential confounders related to the outcome at p < 0.05, as reported in Tables 5 and 6.
Bold font values indicate significance at p < 0.05.

1= head circumference (cm) at the MRI scan; 2= GA (weeks) at the MRI scan; 3= maternal Harvard Trauma Scores; 4= FWHM;
5=SNR; 6= length (cm) at the MRI scan; 7= maternal income; 8= weight (g) at the MRI scan.

Abbreviations: ART= antiretroviral therapy; cm= centimeter; Cr+PCr=total creatine (creatine plus phosphocreatine); FWHM:
full width half maximum; g= grams; GA= gestational age; Glu= glutamate; GPC+PCh= choline-containing compounds
(glycerolphosphocholine plus phosphocholine); HEU= HIV-exposed and uninfected; HUU= HIV-unexposed and uninfected;
Ins= myo-inositol; MRI= magnetic resonance imaging; NAA= N-acetyl aspartate; SNR: signal-to-noise ratio.
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Figure 16: A plot of the basal ganglia choline showing the means, confidence intervals and
statistically significant differences between HIV-unexposed-uninfected and HIV-exposed-uninfected
neonates at p < 0.05.

Abbreviations: Cr+PCr= total creatine (creatine plus phosphocreatine); GPC+PCh= choline-containing compounds
(glycerolphoshocholine plus phosphocholine); HEU= HIV-exposed uninfected; HUU= HIV-unexposed uninfected.
Significant at p < 0.05.
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Table 8: Unstandardised regression coefficients (B), standard errors (SE) and p-values from linear
regression analyses comparing metabolite/Cr+PCr ratios in the basal ganglia of HEU neonates (who
have been exposed to ART since conception (pre-conception) and after 5 weeks of GA (post-
conception)) to HUU neonates. Potential confounding variables reported in Tables 5 and 6 have been

adjusted for.
HUU (n = 45)
HEU (pre-conception) (n = 42) HEU (post-conception) (n = 38)
B SE p B SE p
NAA/Cr+PCrl23 0.01 0.01 0.62 -0.01 0.01 0.38
Glu/Cr+PCr*>57 -0.02 0.03 0.53 -0.04 0.03 0.12
GPC+PCh/Cr+PCr>®# -0.02 0.01 0.02 -0.03 0.01 0.01
Ins/Cr+PCr12538 -0.01 0.03 0.80 -0.04 0.04 0.25

Linear regression models include potential confounders related to the outcome at p < 0.05, as reported in Tables 5 and 6.
Bold font values indicate significance at p < 0.05.

1= head circumference (cm) at the MRI scan; 2= GA (weeks) at the MRI scan; 3= maternal Harvard Trauma Scores; 4= FWHM;
5=SNR; 6= length (cm) at the MRI scan; 7= maternal income; 8= weight (g) at the MRI scan.

Abbreviations: ART= antiretroviral therapy; cm= centimeter; Cr+PCr=total creatine (creatine plus phosphocreatine); FWHM:
full width half maximum; g= grams; GA= gestational age; Glu= glutamate; GPC+PCh= choline-containing compounds
(glycerolphosphocholine plus phosphocholine); HEU= HIV-exposed and uninfected; HUU= HIV-unexposed and uninfected;
Ins= myo-inositol; MRI= magnetic resonance imaging; NAA= N-acetyl aspartate; Post-conception= neonates who have been
exposed to ART after 5 weeks of GA; Pre-conception = neonates who have been exposed to ART since conception; SNR:
signal-to-noise ratio.
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Figure 17: A plot of the basal ganglia choline showing the means, confidence intervals and
statistically significant differences in groups (HIV-unexposed-uninfected neonates and HIV-exposed-
uninfected neonates who were subdivided into those who were exposed to ART pre- and post-
conception) at p < 0.05.

Abbreviations: ART= antiretroviral therapy; Cr+PCr= total creatine (creatine plus phosphocreatine); GA= gestational age;
GPC+PCh= choline-containing compounds (glycerolphosphocholine plus phosphocholine); HEU= HIV-exposed and
uninfected; HUU= HIV-unexposed and uninfected; Post-conception= neonates who have been exposed to ART after 5 weeks
of GA; Pre-conception = neonates who have been exposed to ART since conception.

Significant at p < 0.05.
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Table 9: Correlations between basal ganglia metabolite/Cr+PCr ratios in HEU neonates and maternal
variables (maternal CD4* T cell count and VL within 6 months of enrolment).

Metabolite ratios Maternal CD4*'T Maternal VL within Maternal VL within
cell count 6 months of 6 months of
enrolment? enrolment®
NAA/Cr+PCr 0.30 (0.01) -0.20(0.39) -0.20 (0.08)
Glu/Cr+PCr 0.15(0.19) -0.17 (0.48) -0.11 (0.32)
GPC+PCh/Cr+PCr 0.14 (0.21) -0.10 (0.67) -0.23 (0.81)
Ins/Cr+PCr 0.05 (0.65) -0.22 (0.36) -0.09 (0.45)

The values are the Pearson correlation coefficients and p-values. Bold font values indicate significance at p < 0.05.

apearson correlation coefficients of women who had detectable viral load (VL) (copies/mL) only. PPearson correlation
coefficients of all mothers of HEU neonates; VL set to zero of women who had undetectable VL.

Abbreviations: CD4*= cluster of differentiation 4 +; Cr+PCr= total creatine (creatine plus phosphocreatine); Glu= glutamate;
GPC+PCh= choline-containing compounds (glycerolphoshocholine plus phosphocholine); HEU= HIV-exposed and uninfected;
Ins= myo-inositol; mL= milliliter; NAA= N-acetyl aspartate; VL= viral load.
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Figure 18: A plot showing an association between the NAA/Cr+PCr ratios of HIV-exposed and
uninfected neonates and the maternal CD4* T cell count.

The values are the Pearson correlation coefficient and p-value. Significant at p < 0.05.
Abbreviations: CD4*= cluster of differentiation 4 +; Cr+PCr= total creatine (creatine plus phosphocreatine); GA= gestational

age; NAA= N-acetyl aspartate; uL= microliter.
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%SD ranges from 3-7.

potential confounders for model building.

exposed to ART post-conception (Table 14).

and HEU (pre-conception) or between HUU and HEU (post-conception) (Table 13).

3.3 Midfrontal gray matter metabolite/Cr+PCr ratios in HEU and HUU neonates

Table 10: Correlations between all neonates’ midfrontal gray matter metabolite/Cr+PCr ratios and
potential neonatal confounding variables.

The following were the ranges of the metabolites' %SDs found in the MFGM: NAA %SD ranges from 6-
42; Glu %SD ranges from 7-14; GPC+PCh %SD ranges from 2-5; Ins %SD ranges from 2-5 and Cr+PCr

Table 4 summarizes the final number of subjects with MRS data within the MFGM by HIV/ART

exposure grouping. Tables 10 and 11 summarize associations between metabolite/Cr+PCr ratios and

The metabolite/Cr+PCr ratios between HUU and HEU neonates were similar (Table 12). Further

analysis based on ART duration grouping found no metabolite/Cr+PCr ratio differences between HUU

No significant correlations between metabolite/Cr+PCr ratios and maternal clinical variables were

observed among HEU neonates who have been exposed to ART since conception as well as those

Metabolite ratios FWHM SNR Weight (g) Length Head Gestational Feeding
atthe MRI (cm)atthe circumference age (weeks)at method
scan MRI scan (cm) at the the MRl scan

MRI scan

NAA/Cr+PCr -0.22 (0.03) -0.07(0.51) 0.15(0.15) -0.03(0.80) 0.28 (0.01) 0.13(0.19) 0.17 (0.09)

Glu/Cr+PCr 0.24 (0.02) 0.57(9.572e-10) -0.04(0.70) -0.19(0.07) 0.12(0.24) -0.07 (0.47) -0.03 (0.77)

GPC+PCh/Cr+PCr 0.34(0.001) 0.13(0.22) -0.04 (0.73) -0.09 (0.40) -0.03(0.80) -0.17 (0.11) -0.14 (0.17)

Ins/Cr+PCr 0.12(0.23) 0.12(0.25) -0.19 (0.07) -0.21(0.04) -0.09 (0.40) -0.42 (0.00002) 0.03(0.78)

The values are the Pearson correlation coefficients and p-values. Bold values indicate significance at p < 0.05.
Abbreviations: cm= centimeter; Cr+PCr= total creatine (creatine plus phosphocreatine); FWHM= full width half maximum;
g=grams; Glu= glutamate; GPC+PCh= choline-containing compounds (glycerolphoshocholine plus phosphocholine); MRI=
magnetic resonance imaging; NAA= N-acetyl aspartate; Ins= myo-inositol; SNR= signal-to-noise ratio.
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Table 11: Correlations between all neonates’ midfrontal gray matter metabolite/Cr+PCr ratios and
potential maternal confounding variables.

Metabolite ratios = Maternal age at Maternal Maternal Maternal Maternal
delivery (years) education income absolute alcohol Harvard Trauma
consumption Scores
/day
NAA/Cr+PCr -0.19 (0.07) -0.05 (0.66) -0.19 (0.07) -0.11 (0.46) 0.20(0.06)
Glu/Cr+PCr 0.11 (0.27) -0.22 (0.03) -0.18 (0.08) 0.05 (0.77) -0.08 (0.44)
GPC+PCh/Cr+PCr -0.13 (0.21) 0.02 (0.85) -0.08 (0.41) -0.03 (0.84) -0.01 (0.91)
Ins/Cr+PCr 0.08 (0.45) 0.12 (0.24) -0.14 (0.17) 0.26 (0.09) 0.03 (0.80)

The values are the Pearson correlation coefficients and p-values. Bold font values indicate significance at p < 0.05.
Abbreviations: Cr+PCr= total creatine (creatine plus phosphocreatine); Glu= glutamate; GPC+PCh= choline-containing
compounds (glycerolphoshocholine plus phosphocholine); Ins= myo-inositol; NAA= N-acetyl aspartate.

Table 12: Unstandardised regression coefficients (B), standard errors (SE) and p-values from linear
regression analyses comparing metabolite/Cr+PCr ratios in the midfrontal gray matter of HEU
neonates (who have been exposed to ART since conception (pre-conception) and after 5 weeks of GA
(post-conception)) to HUU neonates. Potential confounding variables reported in Tables 10 and 11
have been adjusted for.

HUU (n=31)
HEU (n = 65)
B SE p
NAA/Cr+PCr'? 0.04 0.02 0.11
Glu/Cr+PCrt34 0.02 0.04 0.69
GPC+PCh/Cr+PCr! -0.02 0.01 0.10
Ins/Cr+PCr® -0.03 0.05 0.60

Linear regression models include potential confounders related to the outcome at p < 0.05, as reported in Tables 10 and 11.
1= FWHM; 2= head circumference (cm) at the MRI scan; 3= SNR; 4= maternal education; 5= length (cm) at the MRI scan; 6=
GA (weeks) at the MRI scan.

Abbreviations: ART= antiretroviral therapy; cm= centimeter; Cr+PCr= total creatine (creatine plus phosphocreatine); FWHM:
full width half maximum; GA= gestational age; Glu= glutamate; GPC+PCh= choline-containing compounds
(glycerolphoshocholine plus phosphocholine); HEU= HIV-exposed and uninfected; HUU= HIV-unexposed and uninfected; Ins=
myo-inositol; MRI= magnetic resonance imaging; NAA= N-acetyl aspartate; SNR: signal-to-noise ratio.
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Table 13: Unstandardised regression coefficients (B), standard errors (SE) and p-values from linear
regression analyses comparing metabolite/Cr+PCr ratios in the midfrontal gray matter of HEU
neonates (who have been exposed to ART since conception (pre-conception) and after 5 weeks of GA
(post-conception)) to HUU neonates. Potential confounding variables reported in Tables 10 and 11
have been adjusted for.

HUU (n=31)
HEU (pre-conception) (n = 36) HEU (post-conception) (n = 29)
B SE p B SE p
NAA/Cr+PCr'? 0.02 0.02 0.33 0.05 0.03 0.06
Glu/Cr+PCr'34 0.02 0.05 0.65 0.01 0.05 0.81
GPC+PCh/Cr+PCr! -0.02 0.01 0.08 -0.01 0.01 0.27
Ins/Cr+PCr>® -0.03 0.06 0.61 -0.03 0.07 0.70

Linear regression models include potential confounders related to the outcome at p < 0.05, as reported in Tables 10 and 11.
1= FWHM; 2= head circumference (cm) at the MRI scan; 3= SNR; 4= maternal education; 5= length (cm) at the MRI scan; 6=
GA (weeks) at the MRI scan.

Abbreviations: ART= antiretroviral therapy; cm= centimeter; Cr+PCr= total creatine (creatine plus phosphocreatine); FWHM:
full width half maximum; GA= gestational age; Glu= glutamate; GPC+PCh= choline-containing compounds
(glycerolphoshocholine plus phosphocholine); HEU= HIV-exposed and uninfected; HUU= HIV-unexposed and uninfected; Ins=
myo-inositol; MRI= magnetic resonance imaging; NAA= N-acetyl aspartate; Post-conception= neonates who have been
exposed to ART after 5 weeks of GA; Pre-conception = neonates who have been exposed to ART since conception; SNR:
signal-to-noise ratio.

Table 14: Correlations between midfrontal gray matter metabolite/Cr+PCr ratios in HEU neonates
and maternal variables (maternal CD4" T cell count and VL within 6 months of enrolment).

Metabolite ratios Maternal CD4* T Maternal VL within  Maternal VL within
cell count 6 months of 6 months of
enrolment? enrolment ®
NAA/Cr+PCr -0.11 (0.38) -0.04 (0.89) -0.01 (0.92)
Glu/Cr+PCr 0.06 (0.64) 0.23 (0.35) 0.20(0.11)
GPC+PCh/Cr+PCr 0.10 (0.45) 0.16 (0.51) 0.10(0.42)
Ins/Cr+PCr -0.08 (0.53) 0.07 (0.78) 0.003 (0.98)

The values are the Pearson correlation coefficients and p-values. 2Pearson correlation coefficients of women who had
detectable viral load (VL) (copies/mL) only. PPearson correlation coefficients of all mothers of HEU neonates; VL set to zero
of women who had undetectable VL.

Abbreviations: CD4*= cluster of differentiation 4 +; Cr+PCr= total creatine (creatine plus phosphocreatine); Glu= glutamate;
GPC+PCh= choline-containing compounds (glycerolphoshocholine plus phosphocholine); HEU= HIV-exposed and uninfected;
Ins= myo-inositol; mL= milliliter; NAA= N-acetyl aspartate; VL= viral load.

61



4. Discussion

The aim of this study was to determine whether the metabolic brain abnormalities found in older HEU
children are already detected in neonates. Based on previous results, we hypothesized lower ratios of
Glu/Cr+PCr, NAA/Cr+PCr, and GPC+PCh/Cr+PCr in the BG of HEU neonates compared to HUU
neonates, as seen previously in 9-year-old HEU children (37). Additionally, we hypothesized lower
ratios of Glu/Cr+PCr and NAA/Cr+PCr in the MFGM of HEU neonates compared to HUU neonates, as

observed previously in 11-year-old HEU (333).

4.1 Lower GPC+PCh/Cr+PCr ratios in HEU neonates compared to HUU neonates

First, in accordance with our hypothesis, we found lower mean GPC+PCh/Cr+PCr ratios in HEU
neonates in comparison to HUU neonates in the BG. Possible explanations for this finding include (1)
maternal dietary choline deficiency as well as other micronutrients such as vitamin B1, and folate (373—
376) and (2) increased choline-consuming gut microbiota, which metabolize choline to TMA in mothers
living with HIV (323,377). These mechanisms result in reduced choline bioavailability delivered to the
fetus and neonate during pregnancy and lactation (80.72% of HEU neonates in this study were
exclusively breastfed). Furthermore, membrane breakdown occurred as a compensatory mechanism
to liberate choline for the synthesis of ACh, which is required to suppress the production and release
of pro-inflammatory cytokines from peripheral macrophages and other cytokine-producing cells like

microglia (313).

4.1.1 Maternal choline deficiency

On average, approximately 15% of the daily requirement of choline is synthesized endogenously, with
the remainder derived from the diet (306). A significant number of adults have been reported to
consume choline at levels below the recommended daily intake levels, particularly pregnant and
lactating women (378). Pregnant and lactating women are at increased risk of choline deficiency due
to the increased delivery of choline to the fetus and infant, respectively. After assessing gestational
choline intake in nearly 900 women, Boeke et al. discovered that only 15% of mothers achieved
adequate consumption levels during the first and second trimesters of pregnancy (379). Furthermore,
studies reveal that pregnant women only achieve an average of 400 mg per day (mg/day) of choline,
whereas the recommended adequate intake of choline for pregnant women is 450 mg/day and 550

mg/day for lactating women. According to the evidence, this is insufficient for pregnant women.
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Studies have shown that women consuming choline <300 mg/day have a higher risk of having a baby
with birth defects such as neural tube defects than those consuming >500 mg/day (380). Supporting
this was a study from the same group that found low serum total choline concentrations to be risk
factors for neural tube defects (381). In contrast, more recent studies have failed to find associations
between lower maternal choline intake and the risk of neural tube defects (382,383). Additionally, a
study including 71 neural tube defect-affected pregnancies and 214 pregnancies with non-neural tube
defect malformations found no associations between maternal mean plasma concentrations of

choline during pregnancy and the risk of neural tube defects (384).

Although maternal daily intake levels of choline were not measured and none of the neonates in this
study had neural tube defects, it is plausible that mothers in this study did not meet the recommended
daily intake levels. In addition to pregnant and lactating women being at increased risk of choline
deficiencies, lower levels of choline are common in individuals living with HIV. In a study of people
living with HIV, ranging from asymptomatic to AIDS-diagnosed, the total mean plasma choline
concentrations in people living with HIV were significantly lower (p < 0.002) than in people living
without HIV (385). In another study of individuals living with HIV on ART, the absolute concentration
of choline showed significant annual decreases in frontal white matter (2.61%, p = 0.0001) and
midfrontal cortical gray matter (2.19%, p = 0.0123). Analyses of GPC+PCh/Cr+PCr ratios showed similar
patterns of change in the frontal white matter (1.74%, p = 0.0123) (386). Given that the brain
efficiently extracts choline from the plasma, changes in brain choline levels may reflect changes in

plasma choline levels (387,388).

Based on studies reporting reduced choline levels in plasma and the brain in individuals living with
HIV. We suggest decreased amounts of choline may be delivered to the fetus and infant during
pregnancy and lactation. However, further research is needed to confirm reduced choline levels in

women living with HIV during pregnancy and within the context of the fetus.

4.1.2 Effects of maternal dietary choline deficiency on the fetal brain

Maternal diet during fetal gestation is one of many environmental factors that influence fetal brain
development. Maternal dietary choline deficiency can compromise the integrity of fetal cell
membranes, leading to cell death due to decreased choline-containing phospholipids such as
phosphatidylcholine and phosphatidylethanolamine. It may also result in decreased biosynthesis of
the neurotransmitter ACh, a function that is often dysregulated in neurodegenerative diseases such
as Alzheimer’s disease (AD) (389), which is characterised by the gradual degeneration of cholinergic
neurons and decreased choline acetyltransferase activity in the hippocampus and cerebral cortex. The

loss of cholinergic neurons contributes to the memory and learning deficits associated with AD (390).
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Sufficient concentrations of choline in the brain protect the brain from age-related cognitive decline
and impairments in certain aspects of memory formation in specific memory-related tasks because
sufficient concentrations of choline potentially conserve neurons (391,392). Synapses, which are
critical for neuronal connection and transmission, could also be impaired by compromised membrane
integrity. The variety of ion channels and receptors on the cell membrane translates an external signal
into downstream intracellular signalling (313). Hence, a dietary supplement or sufficient
concentrations of choline could potentially preserve neuronal signal transmission (391,392). Given
that choline is also a precursor for sphingomyelin, its deficiency will result in impaired myelination of
nerve cells, a process that is frequently required for proper neuronal signalling and efficient

transmission of nerve signals in the brain (393).

During choline deficiency, S-adenosylmethionine is decreased by 50% (394), which then results in
hypomethylation in DNA. DNA methylation occurs at cytosine bases that are followed by guanosine
(5’-cytosine-phosphate-guanine-3’; 5'-CpG-3' sites) (395). It influences cellular events such as gene
transcription, genomic stability, and imprinting. About 90-98% of CpG sites in DNA are methylated in
mammals (396), however, some CpG-rich sites in DNA are not methylated and are referred to as CpG
islands (397). When modifications occur and these CpG islands are methylated, especially in promoter
regions, gene expression is usually suppressed or silenced (397). Within the neuroepithelial layer of
the hippocampus in fetal rodent brains from mothers fed choline-deficient diets, DNA methylation
was decreased. Specifically, decreases were observed in the gene encoding the cyclin-dependent
kinase (Cdkn3) promoter and in cells in culture where choline was deficient. This hypomethylation
resulted in the overexpression of this gene, consequently inhibiting cell proliferation as well as
neuronal and glial differentiation (398). A study conducted by Mehedint et al. demonstrated how a
diet low in choline in pregnant dams resulted in decreased DNA methylation in the fetal brain in two
genes regulating angiogenesis (CpG islands in the proximity of the areas of hippocampal vascular
endothelial growth factor C (Vegfc) and angiopoietin 2 (Angpt2)). Hypomethylation of genes is usually
associated with increased gene expression, and Vegfc and Angpt2 were overexpressed in the fetal
brain. This leads to hippocampal endothelial cell differentiation, decreased cell proliferation, and
ultimately decreased blood vessels in the hippocampus of the fetal brain (399). Therefore, reduced
levels of choline and its derivatives during maternal pregnancy may alter fetal gene expression,

resulting in long-term effects on the developing brain and its function.

Choline, folic acid, vitamin B, and methionine metabolism interact at the point where homocysteine
is converted to methionine. Methionine is also synthesized from homocysteine using methyl groups
donated by methyl-tetrahydrofolate in a vitamin B, dependent reaction (400). The formation of

methionine results in lower homocysteine concentrations (401). A disturbance in one of these
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metabolic pathways, due to deficiency of these nutrients or single nucleotide polymorphisms in the
genes for the enzymes, can result in an elevated plasma homocysteine concentration (402,403). An
animal study in which rats were fed a choline deficient diet showed doubled plasma homocysteine
concentrations and reduced tissue concentrations of methionine and S-adenosylmethionine, as well
as total folate. Elevated plasma homocysteine concentrations have been shown to be related to both
cognitive impairments in non-demented samples and an increased risk of AD (404,405). A study by
Hobbs et al. found an association between elevated maternal homocysteine concentrations and
increased cases of birth defects (406). Interestingly, studies have also found elevated homocysteine
concentrations in women with a history of adverse pregnancy outcomes, such as recurrent early

miscarriages (407), which occur frequently among women living with HIV (164).

Since methionine can be formed through two pathways, a disturbance in the availability of one
nutrient (either choline, folate, or vitamin B12) may result in compensatory changes in the others (408).
When animals and humans were fed a diet low in choline, the requirements for dietary folate and
vitamin B (required for folate recycling) increased, causing methyl-tetrahydrofolate to become the
primary methyl group donor (409). Vitamin Bi, deficiency is more common in people living with HIV
in comparison with people living without HIV (374-376). According to the different stages of HIV
infection, the prevalence of vitamin B1, deficiency in people living with HIV ranges from 10% to 35%.
Studies found people living with HIV had a vitamin B, deficiency even in the acute and asymptomatic
phases (410-412). Singhal et al. suggested that the increased lymphocyte turnover in HIV infection
may deplete vitamin Bi, just as fetal growth can deplete vitamin Bi; (413). Maternal vitamin B1
deficiency causes a secondary deficiency in infants who are exclusively breastfed in the first few
months of life, leading to neurodevelopmental and growth delays (414). A study conducted by White
et al. revealed that food insecurity was associated with an inadequate intake of vitamin B1; among
mothers who were unable to afford balanced meals and were experiencing food shortages. Despite
the fact that the likelihood of food insecurity among mothers living with HIV and those living without
HIV was comparable (415). It is plausible that mothers living with HIV in this study experienced food
shortages or were unable to afford balanced meals, given that more than 50% of mothers living with

HIV had a monthly income within the range of R2000 to R5000.

Folate is another micronutrient commonly found to be deficient in people living with HIV. Studies
suggest that increased neopterin as a result of chronic stimulation of the macrophage by y-interferon
inhibits folate metabolism (416—418). Prabha et al. report the prevalence of folic acid deficiency in
patients living with HIV as 23.4% (373). Another study found significantly low serum and erythrocyte
folate levels in 64% and 57% of 74 individuals living with HIV at all stages of the infection, respectively

(416). A folate deficient diet along with vitamin B1, increases the demand for choline (419), which is

65



low in people living with HIV. Micronutrient deficiencies may occur due to factors including gut
infection, inadequate dietary intake of micronutrients, malabsorption, and altered gut barrier function
and metabolism (413,420). Ideally, pregnant women living with HIV in our study should have been
screened for micronutrient deficiencies. However, this was not part of the scope of our study, and it

is not always feasible.
4.1.3 Intestinal microbiota modulates choline bioavailability from the diet

The amount of TMA produced is influenced by the composition of the microbiota present (377).
According to previous research, TMA-producing gut microbiota can reduce choline bioavailability
(323). Increased TMA and TMAO levels have been found to be positively correlated with higher activity
of anaerobic bacteria of the phylum Firmicutes and Proteobacteria (323,377). TMA and TMAO levels
have also been linked to an increased ratio of the gut microbial phylum Firmicutes to Bacteroidetes,
with increased levels of Firmicutes and decreased levels of Bacteroidetes (421,422). Furthermore, the
microbial enzyme glycine betaine reductase, which is found in the microbial taxon Firmicutes, reduces
betaine (which is derived from dietary choline) (377). Ling et al. discovered increased
Firmicutes/Bacteroidetes ratios in individuals living with HIV who were treated and untreated with ART
(423). Dinh et al. found that the gut microbiota of individuals living with HIV who received ART and had
undetectable HIV VL were enriched in the Proteobacteria phylum when compared to individuals living

without HIV (259) .

Furthermore, 16S rRNA gene analysis revealed that participants with high levels of TMAO (after
consuming dietary eggs) had a higher abundance of Firmicutes, whereas those with lower levels of
TMAO had a higher abundance of Bacteroidetes (422). TMAO was discovered in the serum of mice fed
a choline supplemented diet (including choline chloride) in an animal study. Such results, however,
were not observed in those fed a choline-deficient diet (323). It is possible that the increased choline-
consuming gut microbiota, such as the Firmicutes/Bacteroidetes ratio and the Proteobacteria phylum,
that were found in individuals living with HIV in studies conducted by Ling et al. (423) and Dinh et al.
(259) were also present in mothers living with HIV in this study. These increased choline-consuming
gut microbiota may have competed with the host mechanisms involved in the synthesis of either
acetylcholine, betaine, or phospholipids (such as phosphatidylcholine) from dietary choline to produce
TMA (424). As a result, the bioavailability of choline required by the mother to be delivered to the fetus

and/or infant is reduced.
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4.1.4 Peripheral inflammatory and ACh

Maternal pro-inflammatory cytokines that enter the fetal circulation activate both specific-antigen
and non-antigen specific cells. This can further produce and release a variety of other pro-
inflammatory cytokines, which are sensed by the afferent vagus nerve fibres. The afferent vagus nerve
then communicates through the medulla to the hypothalamus, which subsequently communicates
through the efferent vagus nerve (228) for the release of ACh (from splenic T cells) to inhibit or
decrease the production of peripheral pro-inflammatory cytokines (230). The rate of ACh synthesis
and release is most likely determined by choline availability together with acetyl-CoA and the enzyme
choline acetyltransferase (304). Free choline is needed for this process, however, because the quantity
of free choline is relatively small (36-44 micrometer (uUM)) in comparison to the quantity of choline
from its reservoir, phosphatidylcholine (2000-2500 uM) (425,426). The breakdown of membranes
occurs when different phospholipases (phospholipase A1, A2, C, and D) release free choline from the
cellular membrane (427), decreasing the total amount of choline that would have been made available
to the brain from the peripheral. Hence the low choline levels observed within HEU neonates’ brains.
Given that phosphatidylcholine is also required for the synthesis of sphingomyelin, this implies that
little phosphatidylcholine is made available for the synthesis of sphingomyelin, affecting neuronal
signalling and the efficiency of transmission of nerve signals in the brain (393). A longitudinal study
found lower levels of pro-inflammatory markers like IFN-y and IL-1B in the serum of HEU infants at 6-
10 weeks compared to HIV-unexposed infants. At 24-28 months, these children's serum levels of the
pro-inflammatory markers IFN-y, IL-1B, and IL-2 were also lower than in HIV-unexposed children (260).
This may imply that membrane phosphatidylcholine is broken down to liberate free choline to be used
for the synthesis of ACh in order to inhibit pro-inflammatory cytokines from peripheral macrophages
and other cytokine producing cells (such as monocytes, dendritic cells, T cells, endothelial cells, and

other non-neuronal cells) (230,231).

4.2 Lower GPC+PCh/Cr+PCr ratios in HEU neonates regardless of ART duration

We found lower GPC+PCh/Cr+PCr ratios in the BG in both HEU groups, those that were exposed to
ART pre-conception and post-conception. This reveals that the effects of HIV exposure on

GPC+PCh/Cr+PCr ratios in the BG are independent of the timing of maternal ART initiation.

4.3 Similar NAA/Cr+PCr and Glu/Cr+PCr ratios between HEU and HUU neonates

Our second finding is contrary to our hypothesis. In both the BG and MFGM, we observed no

differences in mean NAA/Cr+PCr and Glu/Cr+PCr ratios between HEU and HUU neonates.
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A possible explanation for these findings in the BG could be an increase in the release of ACh, which
may be protective. Ach acts on the microglial a7 nAChRs, leading to decreases in the production and
release of pro-inflammatory cytokines within the brain. The ACh needed to modulate pro-
inflammatory cytokines is acquired from free choline. A small portion of dietary choline is typically
acetylated to acetyl-CoA to generate ACh (316). However, if there is a dietary choline deficiency,
choline stored as membrane phosphatides (such as phosphatidylcholine) is used for ACh biosynthesis,
resulting in cellular membrane breakdown (427). As a result, choline levels in the brain are reduced in
order to control pro-inflammatory cytokines. Evidence shows that microglia a7 nAChRs are necessary
for the reduction of TNF-a and downstream IL-1B production in the brain (428). Thus, preserving
neuronal membrane integrity and conserving neuronal excitatory neurotransmissions. If the HEU
infants in this cohort have a choline deficiency, this could explain the lower GPC+PCh/Cr+PCr ratios
found in HEU neonates as a compensatory mechanism to liberate choline from phosphatidylcholine
for the synthesis of ACh. As the BG is closer to the ventricles than the MFGM, it is possible that its

proximity may allow pro-inflammatory cytokines to penetrate the BG (429) making it more vulnerable.

Alternatively, it is possible that HIV and ART exposure does not influence NAA/Cr+PCr and Glu/Cr+PCr
ratios in early infancy in this cohort. In the BG, HIV exposure related reductions in GPC+PCh/Cr+PCr
ratios may occur though mechanisms that do not affect other metabolite levels. Further, our
hypothesis was based on results from a cohort of children, which may not translate to infant

populations.

4 .4 Positive correlation between NAA/Cr+PCr ratios and maternal CD4*T cell count

Independent of ART duration in pregnancy, the study found a positive correlation between
NAA/Cr+PCr and maternal CD4* T cell count in HEU neonates. Lower NAA/Cr+PCr levels in HEU
neonates were associated with a lower maternal CD4* T cell count. Several studies found a correlation
between a lower CD4* T cell count and higher levels of markers of plasma microbial translocation such
as LPS (430-432) and sCD14 (433,434) in individuals living with HIV, regardless of whether they were
taking ART or not. This allows LPS to elicit potent pro-inflammatory cytokines that can cross the
placenta and enter the fetal circulation and subsequently the fetal brain. As a result, pro-inflammatory
cytokines can cause neuronal and axonal damage within the brain of HEU neonates, leading to lower
NAA levels. Furthermore, low circulating CD4* T cells within the mother may cause incomplete and
delayed GALT restoration due to a decreased number of T cells that could travel to the gut
(430,435,436). This would allow ongoing microbial translocation despite ART treatment.

The effects of microbial translocation are not the sole cause of the observed immune activation. HIV

antigens and HIV gene products, like the envelope protein gp120 (108-110) and the accessory protein
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Nef (111-113), also contribute to the direct activation of lymphocytes and macrophages (437). Studies
find an association between low CD4* T cells and higher viral loads. This also contributes to the
increased trafficking of pro-inflammatory cytokines across the placenta into the fetal circulation and

brain, which could influence neurometabolites.

4.5 Negative correlation between NAA/Cr+PCr ratios across all neonates and

maternal Harvard Trauma Scores

We found a negative correlation between NAA/Cr+PCr ratios and maternal Harvard Trauma Scores
during pregnancy across all neonates. According to our findings, higher maternal Harvard Trauma
Scores resulted in lower NAA/Cr+PCr ratios in all neonates. Wu et al. found an association between
elevated maternal depression and decreased NAA levels in the fetal brain, which is in accordance with
our findings (438). Furthermore, adult rats exposed to prenatal stress showed reduced NAA levels in
the frontal cortex and hypothalamus (439-441). Given that NAA is a neuronal marker, lower levels
suggest neuronal and axonal loss and/or damage. Since a variety of ion channels and receptors are
embedded in the membranes of neurons that are responsible for translating external signals to
downstream intracellular signalling (313), such loss and/or damage would impact neuronal connection
and transmission. Cholinergic neurons, for example, would be implicated and are essential for
cognitive, learning, and memory functions. Therefore, loss and/or damage of these neurons may
contribute to the poor social and cognitive (such as language and 1Q) outcomes (442), impaired
psychological functioning, anxiety, and poor school performance (443,444) found in infants whose

mothers have PTSD.
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4.6 Conclusion

High levels of HIV antigens and HIV gene products like the envelope protein gp120 (108-110) and the
accessory protein Nef (111-113), along with increased microbial translocation, result in chronic
immune activation and inflammation (43,77,83,437). A direct consequence is the increased secretion
of pro-inflammatory cytokines that can gain access to the fetal circulation and the brain via the
placenta. Pro-inflammatory cytokines in the fetal brain result in microglia activation, leading to the
release of more pro-inflammatory cytokines. However, like peripheral macrophages, microglia express
a7 nAChRs, and upon activation, they inhibit the production and release of pro-inflammatory
cytokines. As a result, they prevent neuroinflammation along with neuronal and oligodendrocyte
(non-neuronal cells) loss and/or damage (428,445). Hence, we found no differences in certain
metabolite/Cr+PCr ratios between HEU and HUU neonates. However, in response to subsequent
infection or injury in the periphery, frequently primed microglia may cause an overproduction of pro-
inflammatory cytokines (an exacerbated response) along with free radicals within the brain (214)
which may result in altered neurometabolism at older ages. This mechanism may explain the reduced

levels of NAA and Glu previously reported in 9- year-old HEU children (37).

Differences observed in GPC+PCh/Cr+PCr ratios between HEU and HUU neonates may be a
consequence of maternal dietary choline deficiency (along with other micronutrients such as vitamin
B12 and folate (373—376)) and increased choline-consuming gut microbiota, which metabolize choline
to TMA in mothers living with HIV (323,377). These mechanisms result in reduced choline
bioavailability delivered to the fetus and neonate during maternal pregnancy and lactation (80.72% of
HEU neonates in this study were exclusively breastfed). Furthermore, membrane breakdown occurred
as a compensatory mechanism to liberate choline for the synthesis of ACh, which is required to
suppress the production and release of pro-inflammatory cytokines from peripheral macrophages and

other cytokine-producing cells like microglia (313).
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4.7 Strengths and limitations

The strengths of the study include the age of the population, which minimizes potential confounding
effects such as feeding practices (introduction of solid food), socioeconomic status, parenting, and
education that have the potential to emerge when the MRS is performed after the first 35 days of life.
Secondly, the study recruited maternal-neonatal pairs from the same community with a homogenous

socioeconomic background.

A limitation of the current study is that the number of HUU neonates was relatively smallin comparison
to HEU neonates. Secondly, pro-inflammatory markers within the plasma (from both the mothers and
neonates) and brain were not collected and assessed, nor were the plasma choline concentrations.
Thirdly, the current study is cross-sectional and only examines the differences of metabolite/Cr+PCr
ratios between HUU and HEU neonates, as well as HEU (pre-conception) and HEU (post-conception)
to HUU neonates in a single age bracket. Longitudinal analysis at different ages would aid in

determining the long-term consequences, if any, of altered metabolite/Cr+PCr ratios.

4.8 Future

The results in this study suggest there are quantifiable consequences of HIV exposure on the
uninfected infant’s developing basal ganglia, independent of maternal ART. While we speculate on
possible long-term consequences and underlying mechanisms, future work is needed for

confirmation.

Within this cohort, future work would investigate links between metabolite ratios and infant gut
microbiome outcomes to explore the proposed links to the microbiome. While we do not have blood
samples from mothers and cannot establish maternal choline levels, we have human milk samples.
Future work may explore the link between human milk composition and infant metabolite levels. In
addition, future work quantifying choline levels in human milk and infant blood at this point may help
better understand the mechanisms involved in this finding. Once additional outcomes are available,
advanced statistical modelling to identify the relationships between these variables is needed, as

there are potentially multiple mechanisms involved.

In order to better understand the potential consequences of this finding, work studying the links
between metabolite/Cr+PCr ratios and later cognitive performance may be investigated. In addition,
analysis of MRS data at later time points is needed to establish if this finding is unique to neonates or

persists in infancy and childhood.
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6. Appendix Supplement

A.1 Linear regression analysis models for the basal ganglia

Y = Bo + BiX1 + B2Xo + BaXs+ PaXa

where Y = NAA/Cr+PCr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 = GA
(weeks) at the MRl scan, X3 = Head circumference (cm) at the MRI scan, X4 = Maternal Harvard Trauma

Scores

Y = Bo + BaX1 + B2Xo + BaXs + BaXa+ BsXs
where Y = Glu/Cr+CPr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 = FWHM,
X3 =SNR, X4 = Length (cm) at the MRI scan, X5 = Maternal monthly income

Y = Bo+ BaX1 + B2Xo + BsXs + BaXa
where Y = GPC+PCh/Cr+PCr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 =
SNR, X3 = Weight (g) at the MRl scan, X4 = Length (cm) at the MRI scan

Y = Bo + B1X1 + B2Xz + B3X3 + BaXa + BsXs
where Y = Ins/Cr+PCr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 = Weight
(g) at the MRI scan, X3 = Length (cm) at the MRI scan, X4 = Head circumference (cm) at the MRI scan,

X5 = GA (weeks) at the MRI scan

Linear regression analysis models were similar where X1 = HIV group (HUU vs HEU (pre-conception)
or HEU (post-conception))
A.2 Linear regression analysis models for the midfrontal gray matter

Y = Bo + B1X1 + B2Xa + B3X3
where Y = NAA/Cr+PCr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 = FWHM,

X3 = Head circumference (cm) at the MRI scan
Y = Bo + B1X1 + BaXa + BsX3 + BaXs
where Y = Glu/Cr+CPr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 = FWHM,

X3 = SNR, X4 = Maternal education

Y = Bo + B1X1 + B2Xo
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where Y = GPC+PCh/Cr+PCr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 =
FWHM

Y = Bo + B1X1 + B2Xa2 + B3X3
where Y =I ns/Cr+PCr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 = GA
(weeks) at the MRI scan, X3 = Length (cm) at the MRI scan

Linear regression analysis models were similar where X1 =H IV group (HUU vs HEU (pre-conception)

or HEU (post-conception))

A.3 Interaction term using linear regression model

Interaction between status and maternal Harvard trauma scores

Y = Bo + BaX1 + B2Xo + BaXs+ BaXa+ BsXa:X1
where Y = NAA/Cr+PCr, X1 = HIV status (HUU vs HEU (pre-conception + post-conception)), X2 = GA
(weeks) at the MRI scan, X3 = Head circumference (cm) at the MRl scan, X4 = Maternal Harvard Trauma

Scores

Interaction between duration of ART in HEU neonates and maternal CD4* T cell count

Y = Bo + B1X1 + BaXa + BsXa+ BaX3:X1
where Y = NAA/Cr+PCr, X1 = ART duration (HEU (pre-conception) vs HEU (post-conception)), X2 = GA

(weeks) at the MRI scan, X3 = Maternal CD4* T cell count
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