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ABSTRACT

The purpose of this dissertation is to highlight the role of high-density lipoprotein (HDL)
function, structure, and composition across different life stages and how HDL influences health
and disease outcomes, from early childhood, to pregnancy, to old age and Alzheimer’s disease

(AD) dementia. The dissertation is divided into four chapters with the corresponding objectives:

1. The first chapter is a literature review on the role of HDL across the lifespan, particularly
in children, during pregnancy, and in the elderly. These populations are often less studied
in the context of HDL and health outcomes.

2. Inthe second chapter we determine whether small-quantity lipid-based nutrient
supplements (SQ-LNS) provided to mothers during the second trimester (< 20 weeks),
postpartum (0 — 6 months), and their children (6-18 months) improved HDL cholesterol
efflux capacity (CEC) compared to children of mothers supplemented with the standard
iron and folic acid (IFA) supplement. We further explored whether SQ-LNS altered HDL
lipidomic and glycoproteomic composition. We found that children in the SQ-LNS group
had improved HDL CEC and altered HDL protein glycosylation. CEC was also found to
be associated with site-specific glycans on HDL.

3. The third chapter evaluates whether SQ-LNS altered HDL CEC and plasma enzyme
activities involved in HDL metabolism of pregnant mothers at 36 weeks gestation and
whether these functional metrics are associated with pregnancy outcomes. SQ-LNS did
not alter HDL CEC or plasma enzyme activities in mothers, but these metrics were
heavily influenced by factors mediated by season at the time of blood draw.

4. Inthe fourth chapter we determine whether the function and structure of HDL are altered

in AD patients compared to non-demented controls and whether these alterations are



influenced by apolipoprotein E (APOE) genotype. We found for the first time that
changes in HDL function and size were APOE genotype-specific, and that there is a link

between HDL function, size, and cognitive function.

Vi



Chapter 1: HDL Across the Lifespan: From Early Childhood, Through Pregnancy, and
Into Old Age

Brian V. Hong?, Jack Jingyuan Zheng!, Angela M. Zivkovic!

1Department of Nutrition, University of California — Davis, Davis, CA, 95616



ABSTRACT

The function of high-density lipoprotein (HDL) particles has emerged as a promising
therapeutic target and the measurement of HDL function is a promising diagnostic across several
disease states. The vast majority of research on HDL functional biology has focused on adult
participants with underlying chronic diseases, whereas limited research has investigated the role
of HDL in childhood, pregnancy, and old age. Yet, it is apparent that functional HDL is essential
at all life stages for maintaining health. In this review, we discuss current data regarding the role
of HDL during childhood, pregnancy and in the elderly, how disturbances in HDL may lead to

adverse health outcomes, and knowledge gaps in the role of HDL across these life stages.

Keywords: Children; Cholesterol efflux capacity, Elderly; High-density lipoproteins; Pregnancy



INTRODUCTION

High-density lipoprotein (HDL) particles are often recognized for their role in removing
excess cholesterol from the body, known as reverse cholesterol transport [1]. However, in
addition to or as part of this role in cholesterol clearance, HDL particles are critical during
development [2] and have been implicated in several inflammation-related diseases including
diabetes [3,4], chronic kidney disease [5,6], cardiovascular disease (CVD) [7,8], and
Alzheimer’s disease [9,10]. The cholesterol content in HDL (HDL-C) has been well documented
as an inverse marker of cardiovascular mortality across several prospective studies [11-13], and
when measured earlier in life, is predictive of health status later in life. For example, low HDL-C
measured during early adulthood (35-50 years) [14] and midlife (51-60 years) [14,15] is
associated with increased Alzheimer’s disease risk after age 60, which suggests that monitoring,
as well as interventions to improve HDL, should begin early in order to prevent disease decades

later.

However, high HDL-C does not guarantee protection against overall health risk [16], and
a U-shaped curve in the association between HDL-C and mortality risk has been observed, with
HDL-C concentrations of both < 30 mg/dL and > 90 mg/dL associated with increased mortality
risk [17]. The reasons for this complex relationship are not yet clear, however, it is clear that the
simple measurement of HDL-C concentration does not provide information about HDL
functionality, such as its ability to promote cholesterol efflux and its anti-inflammatory,
antioxidative, and vasodilatory activities among others [18]. The measurement of
“dysfunctional” HDLs has emerged as an alternative therapeutic target over the measurement of
HDL-C concentration [19]. For example, HDL's ability to promote cholesterol efflux from

macrophages is a more reliable predictor of CVD risk than HDL-C concentration [20-22],



suggesting that the function of HDL is a promising approach for evaluating the complex role of

HDL in health and disease.

The role of HDL in human health is largely studied during adulthood in participants with
underlying chronic diseases, but limited studies have examined the role of HDL in the health of
children, during pregnancy, and in the elderly. This review highlights the current evidence on the

role of HDL across the lifespan, particularly in children, during pregnancy, and in the elderly,

and describes the limitations of current HDL research among these populations.

2. Children and adolescents (0-20 years)

2.1. HDL and preterm infants

Preterm birth is associated with cardiovascular events later in life [23], and is one of the
main causes of neonatal death in the world [24]. Yet, early HDL-based therapies in preterm
infants have not been fully explored. A long-term prospective study in preterm infants (n = 216)
followed for 13-16 years into adolescence found improvement in both the low-density
lipoprotein (LDL):HDL and apolipoprotein B (ApoB): Apolipoprotein A-1 (ApoAl) ratios in
those infants who were breastfed compared to those who were fed preterm formula [25]. These
findings suggest that breastfeeding early in life may influence lipoprotein profiles and
cardiovascular health later in adulthood. Similarly, the benefit of breast milk on HDL extendsto
healthy infants. For example, infants born full term (n = 37) given exclusively breast milk for the
first 4 months of life showed higher HDL-C:LDL cholesterol ratios compared to healthy infants
on regular formula [26]. These finding reveal that HDL is responsive to diet early in life and that
these early life exposures may have lasting impacts on lipoprotein metabolism into adolescence

and adulthood.



HDL particle concentration and subclass distribution are additional parameters that have
been found to be distinct in preterm infants. A small pilot study observed lower HDL particle
concentration in preterm (29 — 34 weeks gestational age, n = 9) and very preterm (< 28 weeks
gestational age, n = 6) infants at enrollment (0-5 days of age) compared to at 2 weeks, with small
HDL and small LDL particles being the predominant subclasses among the two groups [27].
Elevated small dense LDL particles have been linked to the development of CVD in children
[28] and adults [29]. Dietary intervention in preterm infants (< 32 weeks gestational age) can
ameliorate lipoprotein profiles, with early total parenteral nutrition from birth to 5 days of age
increasing both ApoAl concentration and shifting HDL subclasses, as measured by gradient gel
electrophoresis, from large HDL 2 towards smaller and more dense HDL 3¢ particles of similar
value comparable to healthy term infants [30]. At 1 month of age, late-preterm infants (n = 25,
34-37 weeks gestational age) compared to term infants (n = 56) displayed lower cholesterol
concentration within several HDL subclasses, including very large, large, medium, and very
small HDL [31], which suggest a reduction in HDL maturation. Lecithin-cholesterol
acyltransferase (LCAT) activity, an essential remodeling factor involved in HDL maturation [32]
linked to CVD [33], was found to be low in cord blood [34] and remained decreased in preterm
infants during the first week of life compared to infants born full-term [35]. These studies
suggest that a lack of LCAT activity is a factor that reduces HDL maturation in preterm infants.
In addition, HDL s ability to efflux cholesterol, measured as cholesterol efflux capacity (CEC),
is the initial step in the reverse cholesterol transport pathway and relies on LCAT for efficient
cholesterol transport [20]. It is currently unknown whether and how preterm pathophysiology
alters HDL CEC and other functions in infants. These limited data on the effects of preterm birth

on HDL outcomes both during infancy and later in life provide tantalizing evidence that early



life exposures may be critical in shaping life-long effects on HDL-mediated outcomes. Studies
are needed to better understand how preterm birth alters pathways involved in HDL metabolism,

and how these early life events shape future metabolic disease risk.

2.2. HDL in children and adolescents at risk for cardiovascular events

CEC is one of many key functions of HDL that has consistently been shown to be
directly linked with CVD [20,21,36]. Dyslipidemia mediated by disturbances in genes involved
in cholesterol trafficking resulting in diminished HDL CEC in pediatric patients (3.6 — 5.1y)
makes these children susceptible to accelerated atherosclerosis compared to healthy children of
similar age and sex [37]. Inearly childhood, HDL CEC was reported to be negatively associated
with BMI at age 5, but not at age 9 [38], and impaired in children with familial
hypercholesterolemia [39]. Similarly, in adults HDL CEC was also found to be negatively
associated with BMI and waist circumference [40], and in fact, this observation of a negative
effect of obesity on HDL concentrations is so well documented in adults that low HDL-C is one
of the 5 criteria for the diagnosis of metabolic syndrome [41]. In addition to the effectson HDL-
C concentrations, obesity also has negative effects on HDL functional parameters. Obese
children (11.8 £ 1.9 y) had impaired HDL function, including reduced HDL CEC and
antioxidant capacities as well as LCAT activity [32]. Both dyslipidemic and normolipidemic
overweight adolescents with a mean age of 13 years had reduced HDL CEC compared with
normolipidemic normal-weight children of similar age and sex [42]. Together, these data suggest
that disturbances in HDL metabolism and function can already be present in childhood and
adolescence, and that some of the same factors that diminish HDL function and increase CVD

risk in adults (e.g., obesity) are already present early in life.

2.3. HDL in children and adolescents with diabetes and chronic kidney disease
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Despite the fact that children with type 1 diabetes have normal HDL-C concentrations,
loss of HDL function has been observed in this population [43-45]. Children (8 -18 y) with type
1 diabetes had an impaired ability of HDL to exchange ApoAl [43], a key process in the RCT
pathway that has been demonstrated to be associated with atherosclerosis [46] and positively
correlated with ATP binding cassette transporter A1 (ABCA1)-mediated CEC, independent of
HDL-C and ApoAl levels [47]. In another study, children with type 1 diabetes and poor
glycemic control had a lower proportion of large HDL 2p by native gel electrophoresis compared
to age and sex-matched non-diabetic children, despite a lack of difference in serum and HDL
CEC [44]. By contrast, adults with type 1 diabetes were shown to have increased CEC and larger
HDL particles measured by nuclear magnetic resonance (NMR) spectroscopy compared to non-
diabetes adults, with no differences in HDL-C [48]. It is not clear whether these differences in
HDL function and particle size in type 1 diabetic adults vs. children are due to underlying
differences in biology or due to differences in the methods used to measure these HDL
parameters [48]. Hyperglycemia is known to result in the glycation of ApoAl and other HDL -
associated proteins, which has been demonstrated to impair HDL function and affect HDL
metabolism [49]. Thus, differencesin glycemic control in both children and adults with type 1

diabetes may contribute to differences in HDL concentration, particle distribution and function.

Children with chronic kidney disease (9.8 +5.5y) and end-stage renal disease (9.6 = 5.0
y) also have dysfunctional HDL [50]. HDL of children with renal disease have an impaired
ability to reduce monocyte adhesion to endothelial cells [50], however CEC was not affected in
two different pediatric cohorts with chronic kidney disease (<16 y) [50,51]. Interestingly, this is
similar to what has been observed for adult populations with kidney disease. Adult patients with

end-stage renal disease also have impaired HDL functional parameters such as anti-oxidant



capacity [52] but CEC may increase due to a preponderance of pre-beta HDL which effectively
perform cholesterol efflux but which do not mature into the large, spherical HDL that carry
additional functional proteins and thus perform additional functions [53]. It has been observed in
adult patients with end-stage renal disease that this loss of HDL maturation is due in part to the
loss of LCAT activity [54,55]. It is unknown whether similar mechanisms lead to loss of HDL
maturation in pediatric kidney disease patients. Further studiesin children are needed, however,
the limited existing evidence already suggests that HDL disturbances in childhood kidney

disease are likely to be similar to those observed in adults, confirming the importance of early

detection and intervention.

2.4 Interventions that improve HDL concentrations and/or function in childhood and

adolescence

HDL functional biology during childhood and adolescence is poorly characterized.
Nonetheless, interventions to improve child health measured through HDL markers have been
investigated. Lipid-enriched supplements during pregnancy and postpartum in a malnourished
population in Ghana can improve children’s HDL CEC at 18 months of age [56], with marked
benefits on linear growth [57]. Interestingly, in these children HDL CEC was associated with
site-specific glycosylation of HDL-associated proteins [56]. Some of these associations were also
observed in adults. For example, a positive correlation between alpha-1 antitrypsin (A1AT)
glycosylation on amino acid position 70 (A1AT 70 5402 and A1AT 70 5412) and HDL CEC
was observed in the children from Ghana as well as in healthy American adults [58]. These
observations suggest that compositional parameters that are linked to HDL functionality in
adulthood are already present in childhood, highlighting that similar markers can be used to

assess the effects of interventions in children and adults.



In adolescents, interventions to mitigate atherogenic lipid profiles have been explored
across several metrics of HDL function. A one year follow up after vertical sleeve gastrectomy in
obese adolescent males (17.4 +1.6 y) enhanced both HDL CEC and anti-oxidative capacity,
independent of both BMI and HDL-C concentrations [59]. Similarly, obese adults with type 2
diabetes undergoing sleeve gastrectomy showed improved ApoAl exchange rate and ABCA1-
independent CEC 5 years post procedure, though ABCA1-dependent CEC did not change [60].
Inadolescents (14.9+ 3.6 y), a 10-month lifestyle intervention program composed of dietary
restriction, exercise, and psychological support improved both HDL CEC and antiatherogenic
stimulation of endothelial nitric-oxide synthases [61]. Likewise in obese adult men, a one-year
lifestyle modification consisting of aerobic activity and nutrition counseling improved both
HDL-C and HDL CEC [62]. Together, these studies suggest that interventions to improve HDL
in adults reflect similar changes to HDL in adolescents. Thus, therapeutic approaches and
interventions that ameliorate HDL outcomes in adults may also be beneficial for adolescents.
Given that chronic diseases like atherosclerotic CVVD develop over the entire life course,
interventions such as diet and exercise, which can be safely implemented over many decades and
which have been shown to be effective in modifying HDL outcomes, are a desirable disease

prevention strategy to implement early in life.
3. Pregnancy (18 years and over)
3.1. Role of HDL during pregnancy

HDL-C steadily increases during pregnancy and peaks between the 2"d and 3" trimester
[63,64], along with other lipid variables, including triglycerides, LDL cholesterol (LDL-C), and
total cholesterol, which increase considerably throughout gestation [63]. Studies have shown that

HDL-C can be positively associated with pregnancy outcomes, however, there is conflicting
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evidence on the extent to which HDL influences birth outcomes. On the one hand, HDL-C
measured at 36 weeks gestation (26.5 £ 5.2 y, n = 320) was positively associated with the
duration of pregnancy [65], and pregnant women (28.5 £ 4.6 y, n = 335) with a pre-pregnancy
body mass index (BMI) > 25 kg/m? showed improved birth size when HDL-C increased by 10
mg/dL from preconception to 28 weeks gestation [66]. In contrast, others have found a negative
association between maternal serum HDL-C and birth size measured during the second and third
trimesters [67,68]. Ina small cohort of healthy pregnant women (30.7 + 3.96 y, n = 25), total
HDL particle concentration measured by NMR during mid-gestation (22-28 weeks) was
negatively associated with birth weight [69], which is in agreement with a case-control cohort (n
= 5337) that found an association between higher total HDL particle concentration during mid -
gestation (24 — 26 weeks) with small for gestation age (SGA) infants at term, but no difference in
HDL-C was observed [70]. An important consideration in these conflicting findings is that how
HDL is measured heavily influences the results. HDL-C is a crude measure of the total amount
of cholesterol transported as part of all HDL particles, which includes large and small HDL
particles carrying different proportions of that cholesterol. However, there are significant
differences between large and small HDL particles, despite the fact that the total size range is
only about 5 nm. HDL particles that are 7 nm in diameter transport 10X fewer cholesterol
molecules than HDL particles that are 12 nm in diameter [71]. There are also important
differences in HDL particle composition by size. For example, apolipoprotein E (ApoE) and
apolipoprotein J (or clusterin, CLU), which are both critically involved in Alzheimer’s disease,
are enriched in large HDL, whereas A1AT, a protein known for its critical role in attenuating
proteolytic damage during inflammation is found mainly on small HDL [72]. In addition to or as

part of their ability to remove excess cholesterol from cells HDL confer anti-oxidant, anti-
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inflammatory, immuno-modulatory, anti-coagulant, anti-infectious, and many other functions,
withas many as 16 functional subclasses dictated by protein composition [73]. Conditions where
the pathology is a loss of HDL particles, such as that which has been observed in obesity and
metabolic syndrome, can be measured by simple metrics such as HDL-C concentration, total
amount of ApoAl, and total particle number. However, these simple measures may not capture
the complexity of HDL, such as the relative proprotions of different functional subclasses, which

may be the critical differentiating factor in other conditions, such as in pregnancy.
3.1. HDL subclasses during pregnancy

Different subclasses of HDL transport different clusters of HDL proteins [72,73], and the
presence of specific protein clusters can dictate HDL function [74]. A few studies have reported
an increased proportion of larger HDL particles during pregnancy [75,76]. Ina small cohort of
healthy women at 9 weeks gestation, the authors observed a race-specific association with higher
levels of large HDL measured by NMR among African American women with preterm birth (n =
12) versus African American women who gave birth at term (n = 14), but not in white women
with preterm (n = 6) versus term (n = 17) births [77]; however, this observation needs further
investigation in a larger cohort. In healthy Serbian women, large HDL 2a particles measured by
NMR before delivery (37.2 - 37.3 weeks, n = 41) were shown to be negatively associated with
birth length and head circumference [64]. In pregnant women from the Pregnancy, Infection, and
Nutrition study (PIN) cohort (mean age 28 y, n = 715), composed of women with heterogenous
pre-pregnancy weight (underweight to obese), a higher concentration of medium HDL by NMR
during pregnancy at mid-gestation (24-28 weeks) but not at < 20 weeks gestation was associated
with an increased risk for preterm birth (<37 weeks), [78]. In a nested case-control study of

mothers without severe chronic illnesses or preeclampsia (n = 323 cases, n = 671 controls)
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birthing children at term (> 37 weeks), NMR analysis during mid gestation (24-26 weeks)
showed a higher proportion of small HDL and medium HDL as well as ApoALl in mothers
birthing small for gestational age infants compared to mothers with infants of normal birth
weight [70]. However, the authors postulate that this observation was a consequence of placental
dysfunction which may have increased maternal HDL levels, but future studies should define this
relationship in detail. These studies suggest that the influence of HDL on birth outcomes differs
substantially depending on the time of gestation at which HDL was measured. Furthermore, the
changes to HDL during pregnancy suggest that modifications to HDL may also influence its
function that may be linked to birth outcomes. The mechanisms of HDL metabolism leading to
different HDL subclass distributions during pregnancy and its relationship with birth outcomes
needs further investigation. A common limitation in these studies is the cross-sectional
measurement of HDL that conceals the changes to HDL over the course of pregnancy as it

relates to birth outcomes. Most cohorts were relatively healthy women, and, to our knowledge, it
is not known yet whether alteration in specific HDL subclasses in chronic diseases (e.g. diabetes)
during pregnancy associate with birth outcomes. Other factors such as dietary intake before and

during pregnancy were not reported, which may also influence HDL profiles.

3.2. HDL and adverse outcomes

Paraoxonase 1 (PON1) is an essential HDL-associated protein that has been linked to
cardiovascular disease and is protective against LDL oxidation through its antioxidant activity
[79]. PONL1 activity was found to be impaired in both obese adults and children [80], and its
activity has been shown to be reduced in chronic renal failure [81] and type 2 diabetes [82]. A
longitudinal study in normal pregnant women (n = 50) found that PON1 activity decreases over

the course of pregnancy which is accompanied by the natural increase in oxidative stress during
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pregnancy [83]. However, uncontrolled oxidative stress can be detrimental, where higher levels
of oxidative stress during pregnancy play a role in the pathophysiology of preeclampsia [84], and
increase the susceptibility of the fetus to develop cardiovascular disease in adulthood [85].
Pregnant women with preeclampsia (29 + 7'y, n = 19) during late pregnancy (35.2 £ 3.1 weeks)
had reduced PON1 activity compared with healthy pregnant women of higher gestational age
(38.4 + 1.2 weeks) without preeclampsia (32 + 3.8 y, n = 6), but no significant differences in
serum lipid levels including HDL-C [86]. The decrease in HDL PON1 activity without changes
to HDL-C suggest that the function of HDL may be a more reliable predictor of pregnancy
complications, which is similar to the link between HDL function and cardiovascular disease,
which is also independent of HDL-C [20]. Likewise, in a cohort of white European women,
women with preeclampsia (31 £ 6.5y, n = 17) and their fetuses had lower ABCA1-mediated
CEC compared with healthy normotensive pregnant women (28.2 + 7.2 'y, n = 17), but there were
no differences in the concentration of maternal HDL-C between the two groups [87]. Ina
separate cohort, women with preeclampsia during pregnancy (31.4 + 4.8, n = 42) had reduced
ABCA1-mediated CEC at 6 months postpartum compared with postpartum women (32.4 £ 4.7y,
n = 44) who were normotensive during pregnancy, but, again, there were no differencesin HDL -
C concentration among the two groups [88]. The disturbance in HDL function during
preeclampsia supports the importance of functional HDL on pregnancy outcomes. However, the
limitations of these studies are the low number of participants, lack of follow up on mothers and
their children, and uncertainty of HDL function returning to normal value after delivery. Other
analyses such as the association between maternal HDL function across pregnancy and birth
outcomes (e.g. birth size) can be further explored. Furthermore, it is uncertain whether the

changes in HDL function during pregnancy are causal for pregnancy complications. Many
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questions remain unanswered, yet current data point to important differences in HDL metabolism

and function in healthy pregnancy vs. pregnancy with poor outcomes.
4. Elderly (65 years and over)

4.1. HDL Cholesterol in Aging

Emerging evidence highlights the importance of HDL particles in aging biology. HDL-C
concentrations, HDL particle size and particle number have all been found to be associated with
age, but also with physical activity, metabolic diseases, and cognitive decline. Inelderly
individuals, HDL-C is a strong predictor of longevity across several prospective studies [89-91].
Compared to healthy younger adults (41.0 + 10.6 years, n = 200), octogenarians from Sicily
(84.18 + 3.6 years, n = 100) had significantly higher HDL-C concentrations [92]. Higher HDL-C
concentration was also positively associated with better physical functions (4-m walking speed,
the short physical performance battery score, the basic and instrumental activities of daily living
scales scores) in the octogenarian subjects (85.9 * 4.9 years) of the iISIRENTE study (n = 364)
[89]. Ina genome wide association study examining relationships between the age at death of
parents of middle-aged UK Biobank participants of European decent (n = 75, 244) showed that
longevity was associated with HDL-C concentration only in the parent group with extreme
longevity (father > 95 years, mother > 98 years, n = 1339) [93]. Ina similar study, researchers
recruited 312 offspring from longevity historical families and 298 controls from non-longevity
historical families in the Bama Aging Study cohort, aiming to understand the potential
relationships between HDL-C, apolipoprotein E (APOE) genotype, and longevity [90]. HDL-C
was significantly higher in the longevity group, while APOE genotype was not associated with

either HDL-C or age [90].
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Ina study of 139 Ashkenazi Jewish centenarians (age 95 — 107 y), plasma HDL-C
concentrations were significantly and directly correlated to Mini-Mental State Examination
(MMSE) scores [94]. When compared within the centenarians, female, but not male, subjects
with lower MMSE score (<25) had significantly lower plasma HDL-C compared to those
stratified as having higher MMSE score (25 — 30) [94]. Compared to female nonagenarians (92 =
4.0y, n =280), male nonagenarians (91 £ 1.0 y, n = 107) had significantly lower HDL-C
concentrations, which were associated with MMSE scores only in the male subjects after
adjustment for covariates [95]. In the Baltimore Longitudinal Study of Aging, high LDL:HDL
ratio was associated with an increased risk of developing Alzheimer’s Disease (AD) 5 to 7 years
before diagnosis [96]. However, low HDL-C (< 50 mg/dL) alone did not show significantly
higher relative risk for developing AD compared to normal HDL-C concentration [96]. Together
these data suggest a relationship between high HDL-C concentrations and protection from

cognitive decline in elderly individuals, and particularly the oldest old.

However, HDL-C concentrations have also been found to be higher in populations with
cognitive decline. In a study investigating the relationship between cognitive decline, fat-soluble
vitamins, and APOE genotype in aging adultsand elderly (65.31 + 6.30 y), HDL-C was higher in
the mild cognitive impairment (MCI) group (n = 583) compared to the normal group (n = 1171),
though this comparison was not adjusted for any genotype effects [97]. Higher HDL-C was
found in the cognitively normal group with APOE2 genotype, and in the MCI group with APOE2
and APOE4 genotype, compared to those with the APOE3 genotypes [97]. HDL functional
capacity was recently found to be differential by APOE genotype in elderly individuals, with
APOEA4 carriers having lower CEC and LCAT activity regardless of dementia diagnosis [98].

APOE genotype is also well known to be associated with HDL-C concentrations, LDL-C and
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total cholesterol concentrations [99], as well as CVD risk and mortality [100]. Thus, in studying
the relationships between HDL and aging outcomes, it is important to account for APOE

genotype, especially in the elderly, where individuals who have not already died from heart

disease will be disproportionately overrepresented.

HDL-C status in elderly was also shown to be differentiated by eating patterns. In a study
group of community-dwelling elders in Northern China with normal HDL-C (67.3 £5.9y,n =
2646) and low HDL-C (67.3 £ 5.9y, n = 741), participants with the highest scores for a balanced
diet had a decreased risk for developing low HDL-C, characterized as having <1.04 mmol/L (40
mg/dL) in the group with a BMI of 27.1 kg/m? or above (overweight to over obese) [101].
Conversely, there was a significant negative association between the highest intake of the
Western diet and low HDL-C in the group with a BMI of 21.6 to 24.8 kg/m? (normal to slight
overweight). Interestingly, higher score for the thrifty dietary pattern was also associated with
increased risk of low HDL-C, especially in the group with a BMI of 21.6 kg/m? and below
(normal to underweight). These observational data suggest that diet quality is linked with HDL-C
status and that the effects of diet on HDL are mediated by BMI status, where both low and high
BMI can affect HDL-C concentrations. Together, the dataon HDL-C in aging indicate that
HDL-C concentrations are associated with differential outcomes in aging, that APOE genotype is
an important mediator in the relationship between HDL-C and aging related outcomes, and that

dietary patterns influence HDL-C in elderly individuals.

4.2. HDL functions in Aging: Cholesterol efflux and A carrying capacity
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To fully understand the role of HDL, measurement of HDL functionality is crucial in
addition to measurement of HDL size, number, and concentrations. This includes HDL CEC and
other non-conventional functions such as AP carrying capacity. In a small study, compared to
young subjects (20 — 30y, n = 8), elderly individuals (65 — 70 y, n = 9) presented lower ABCA-1
mediated CEC, specifically forthe HDL3 subclass [102]. This reduction in efflux capacity may
have been due to higher levels of damage to the HDL particles since the HDL of elderly subjects
had higher amounts of ApoA1 modification (i.e. oxidation) [102]. In a larger study investigating
the effects of extra virgin olive oil (EVOOQ) consumption on HDL CEC, elderly subjects (70.72 +
5.6 y, n =57) had lower HDL CEC than young subjects (31.81 £6.79 y, n = 27), as well as
higher small HDL and lower large HDL at baseline [103]. The study also showed that 12-week
consumption of EVOO at 25 ml/day improved HDL CEC of the elderly subjects to the same
level comparable to young subjects at baseline, though HDL CEC for the young subjects also

improved and was significantly higher than that of the elderly subjects at the end of the study

[103].

Inan early study on the role of cerebrospinal fluid HDL on the development of AD, the
HDL1 subclass was found to have increased soluble amyloid B (sAp) and increased
apolipoprotein in the AD group compared to age-matched aging normal human subjects, and that
sAP molecules were associated with ApoE and apolipoprotein J in the HDL2 and HDL3
subclasses [104]. HDL levels were shown to positively associate with serum neurofilament light
levels, a biomarker for neuro-axonal damage, in study subjects age over 60 years, but not in

subjects below the age of 60 [105].

4.3. Activity of HDL -associated protein/components (PON-1, PAF-AH) in aging
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HDL presents additional functions besides cargo transportation. These include
antioxidation, anti-inflammation, anti-proteolysis, and anti-platelet formation [18]. Components
associated with HDL are suggested to be the mediators of these additional functions, and

changes to these components have been shown over the course of aging.

HDL composition was altered in elderly subjects’ samples, showing increased abundance
of acute phase proteins, for example serum amyloid A and complement C3, and decreased
abundance of ApoE, compared to young healthy subjects [106]. In elderly subjects’ samples, the
phospholipid layer fluidity and the phosphatidyl choline/sphingomyelin (PC/SPM) ratio of
HDLs, which was shown previously to affect non-ABCA1-mediated cholesterol efflux, were
both lower compared to young subjects [102]. Another study observed increased SPM
concentrations in HDL from elderly subjects [106], which could explain the decrease in the

PC/SPM ratio observed previously.

Compared to HDL from young subjects (24.70 £ 3.09 y), elderly (74.86 £ 13.18 y) HDL
samples had reduced antioxidation capacity, as shown by shorter lag-phase in the production of
conjugated dienes when incubated with copper ion [107]. The reduced antioxidative capacity
was highly associated with a reduced enzymatic activity of PON1, an HDL -associated protein
responsible for preventing lipid oxidation. [107]. This observation was also supported by other
groups, which confirmed defective antioxidant properties, lower PON1 activity, and higher

uptake rate by macrophages in elderly HDL samples compared to HDL from healthy young

subjects [106,108].

HDL from elderly subjects (n 71 + 4 years, n = 26) compared to that from young males
(22 + 2 years, n = 18), showed increased glycation with ApoA1 multimerization and decreased

HDL phospholipid content, which induced more severe cellular senescence, foam cell formation
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when incubated with human dermal fibroblasts and macrophage, and induced cholesterol influx
into macrophages [109]. Thus, in addition to the loss of beneficial functions, such as antioxidant
capacity, HDL from elderlies have also been shown to have gain of deleterious function, such as

induction of senescence and net delivery of cholesterol to cells, rather than efflux.

Compared to healthy younger adults (41.0 + 10.6 y, n = 200), octogenarians from Sicily
(84.18 + 3.6 y, n = 100) had significantly higher plasma and HDL -associated platelet-activating
factor acetyl hydrolase (PAH-AH) activity level, which is an enzyme that inactivates platelet
activation, preventing LDL oxidation, and thus protective against the development of

atherosclerosis [92].

CONCLUSION

HDL has the potential to be a predictive measurement of health status across all life
stages, from infancy, through pregnancy, and in aging. Similar to adults, children with
underlying conditions, such as dyslipidemia, diabetes, and chronic kidney disease, exhibit some
degree of HDL dysfunctionality, but many gaps in knowledge remain and much further work is
needed to understand the role of HDL in children on health status later in life. HDL-C and HDL
CEC are established predictors of CVD risk, but HDL-C does not reflect HDL function. During
pregnancy, the time at which HDL is measured is essential. Changes to HDL subclasses occur
throughout gestation, but it is uncertain how these alterations relate to HDL function at different
stages of pregnancy, and how these alterations affect pregnancy outcomes and life-long
trajectories in the infant. In certain conditions such as metabolic syndrome where the underlying

mechanism of loss of function is the loss of total numbers of HDL particles, the measurement of
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HDL-C, total HDL particle count, and total ApoAl in plasma may be adequate. However, in
other physiological states such as pregnancy, simple measurements of total amounts of HDL in
circulation do not appear to be useful because it is instead the loss of certain subsets of HDL
particles or certain functional aspects of HDL that have negative health effects. In elderly
individuals, HDL function and composition change as part of the aging process, however this is
highly differential between healthy elderly individuals achieving very long lifespans, such as
octogenarians, nonagenarians, and centenarians, compared with elderly individuals with chronic
diseases such as CVD and AD. The study of healthy vs. unhealthy elderly individuals will be an
important area of research for the discovery of protective mechanisms that improve health
outcomes, as well as loss-of-beneficial-function and gain-of-deleterious-function aspects of
HDL. Most work on HDL in elderly, as well as in children and in pregnancy, is cross-sectional,
hindering our ability to derive casual relationships. Thus, in addition to further studies on the
functional biology of HDL at these under-studied life stages, future work is needed to fully
understand how different conditions and physiological states affect the components of HDL,
including function, subclass distribution, and composition. HDL particles have multi-faceted
links with health status across life stages, with early influences as early as in utero and in infancy
having lasting life-long effects. As the HDL field continues to advance and as more sophisticated
methods for isolating and characterizing HDL emerge, new discoveries will lead to novel HDL -
based diagnostics and interventions/therapeutics. Interventionsto modify and improve the
functionality of HDL particles can improve health outcomes and health trajectories at all life

stages.
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ABSTRACT

Prenatal plus postnatal small-quantity lipid-based nutrient supplements (SQ-LNS)
improved child growth at 18 mo in the International Lipid-Based Nutrient Supplements (iLiNS)
DYAD trial in Ghana. In this secondary outcome analysis, we determined whether SQ-LNS vs.
prenatal iron and folic acid (IFA) supplementation improves the cholesterol efflux capacity
(CEC) of high-density lipoprotein (HDL) particles and alters their lipidomic, proteomic or
glycoproteomic composition in a subset of 80 children at 18 mo of age. HDL CEC was higher
among children in the SQ-LNS vs. IFA group (20.9 + 4.1% vs. 19.4 + 3.3%; one-tailed p =
0.038). There were no differences in HDL lipidomic or proteomic composition between groups.
Twelve glycopeptides out of the 163 analyzed were significantly altered by SQ-LNS, but none of
the group differences remained significant after correction for multiple testing. Exploratory
analysis showed that 6 out of the 33 HDL -associated proteins monitored differed in glycopeptide
enrichment between intervention groups and 6 out of the 163 glycopeptides were correlated with
CEC. We conclude that prenatal plus postnatal SQ-LNS may modify HDL protein glycoprofiles
and improve the CEC of HDL particles in children, which may have implications for subsequent
child health outcomes.

This trial was registered at clinicaltrials.gov as NCT00970866.
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INTRODUCTION

Inadequate micronutrient intake is common in low- to middle-income countries, and is
associated with adverse consequences including slower linear growth of children,! impaired
cognitive development and diseases in later stages of life.2 In addition, n-3 and n-6
polyunsaturated fatty acids may be low in food sources and breast milk in certain countries.2 The
International Lipid-Based Nutrient Supplements (iLiNS) Project developed small-quantity lipid-
based nutrient supplements (SQ-LNS) to enrich home-prepared foods, particularly for women
and children.* SQ-LNS provide vitamins, minerals, and essential fatty acids (linoleic acid and a-
linolenic acid) to either infants or mothers during pregnancy and lactation.* In Ghana, prenatal
SQ-LNS led to increased weight, length, and head circumference among infants of primiparous
mothers, compared to those whose mothers received an iron and folic acid (IFA) or multiple
micronutrient (MMN) supplement,® and improved the length, weight, and stunting prevalence in
the entire cohort at 18 mo of age.®

High-density lipoprotein (HDL) particles are lipid-protein complexes in circulation that
play essential roles in maintaining lipid and cholesterol metabolic homeostasis.” In addition to
the well-known atheroprotective effects of HDL,” 8 including the role of HDL particles in the
regulation of cellular cholesterol concentrations via cholesterol efflux,® recent evidence suggests
that HDL particles may also be important for the mother-child dyad. Very little is known about
the role of HDL during pregnancy and in early development. In the United States, low maternal
HDL cholesterol (HDL-C) was associated with low birth weight z-score,'° and in Ghana we
previously reported that high HDL-C at 36 wk gestation was positively associated with the
duration of gestation.!! Even less is known about HDL particles, particularly in infants, however

limited evidence in preterm infants indicates that a lower concentration of HDL particles is found
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in infants with chronic lung disease compared to those without lung disease.'? HDL particles
display a variety of immuno-modulatory capabilities,’? including boosting the ability of innate
immune cells to fight infection,4 and may thus be particularly important in settings with high
infection burden.

The functionality of HDL particles is known to be dictated by their composition, including
both the lipid and protein components,15-17 and these components are modifiable by diet.1819We
have previously demonstrated that in addition to the proteins and lipids, the glycan components
may also play an important role in determining the functional capacity of HDL particles.20-2
Specific components such as a-linolenic acid (ALA), an essential n-3 polyunsaturated fatty acid,
have been shown to improve the cholesterol efflux capacity (CEC) of HDL particles in vitro.22
We have also demonstrated that the glycoprofiles of specific HDL -associated proteins are
associated with HDL CEC and can be modified by diet.?!

Because SQ-LNS deliver essential fatty acids along with proteins and other fats, they may
improve the composition and function of HDL particles. In this pilot study and secondary
outcome analysis of samples from the iLINS-DY AD-Ghana trial, we hypothesized that SQ-LNS
provided to the mother during pregnancy and the first 6 mo postpartum, followed by SQ-LNS
provided to the infant from 6 to 18 mo of age, would increase HDL CEC by altering HDL

lipidomic and glycoproteomic composition.

MATERIALS AND METHODS

Samples and Subjects
The complete study design and subject characteristics of the iLINS DY AD-Ghana trial
were described in detail previously.®> The compositions of IFA and SQ-LNS are presented in

Supporting Information Table S6. Intotal, 1320 women were enrolled at a mean gestational
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age of 16.3 wk and were randomized to receive IFA, MMN, or SQ-LNS until delivery, followed
by placebo (200 mg calcium), MMN, or SQ-LNS, respectively during 6 mo postpartum. The
infants whose mothers were supplemented with SQ-LNS received SQ-LNS formulated for
infants from 6 to 18 mo of age; children in the IFA group did not receive supplements. Women
were visited biweekly during pregnancy and weekly after birth to deliver fresh supplies of
supplements and monitor supplement consumption and morbidity. Blood was drawn from
children at 18 mo at the laboratory, and plasma was separated after centrifugation at 1,252 g for
15 min at room temperature. Plasma samples were stored at -33°C in Ghana before they were
airmailed on dry ice to Davis, CA, USA, after which time the samples were stored at -80°C.*2
In this study, a subset of 40 children from the IFA group and 40 from the SQ-LNS group
were selected, and their plasma samples at 18 mo were analyzed. The 80 children were selected
according to the following maternal criteria: 1) randomized to either SQ-LNS or IFA (the MMN
group was excluded); 2) primiparous; 3) not overweight (body mass index (BMI) < 25 kg/m? at
enrollment); and 4) enrolled between October 2010 and December 2011 (to avoid inclusion of
women enrolled earlier who may have had mixed exposure to IFA and MMN, as explained
previously).> The maternal criteria were selected to maximize the probability of observing a
response to SQ-LNS, as the effects of SQ-LNS on birth size were greater among infants born to
primiparous mothers,® and longer-term effects on child growth were greater among children born
to non-overweight women.*3 In total, 116 children met these criteria, 53 in the SQ-LNS group
and 63 in the IFA group. These children were randomly sorted and the first 40 in each group

were selected (Supporting Information Figure S1).

34



The study protocol was approved by the ethics committees of the University of California,
Davis; the Ghana Health Service; and the University of Ghana Noguchi Memorial Institute for
Medical Research, and was registered on clinicaltrials.gov as NCT00970866.

HDL isolation

HDL particles were isolated through a two-step HDL isolation method modified from
Holzer et al.** which isolates HDL particles first by density using sequential flotation
ultracentrifugation as previously described,*° followed by fast protein liquid chromatography
(FPLC). Briefly, 500 pL of plasma was underlaid under KBr solution at a density of 1.006 g/mL
to remove triglyceride-rich, low density (< 1.006 g/mL) particles, including chylomicrons and
very low-density lipoproteins (VLDL), and submitted to ultracentrifugation in an Optima MAX -
TL Ultracentrifuge with (Beckmann-Coulter) fixed angle rotor at 110,000 RPM and 14°C for 30
min. After centrifugation, the supernatant was removed by aspiration, and the remaining fraction
containing HDL, low-density lipoproteins (LDL), albumin, and plasma proteins was adjusted to
a density of 1.210 g/mL with 1.340 g/mL KBr solution and underlaid under clean 1.210 g/mL
density solution, then submitted to ultracentrifugation at 110,000 RPM and 14°C for 3 h and 30
min. The supernatant was removed by aspiration and dialyzed using an Amicon Ultra-4 50kDa
centrifugal filter (Millipore) by centrifugation at 4,500 RPM for 8 min. A final volume of 250 pl
was then transferred to an amber vial for FPLC analysis using a single Superdex 200 Increase
10/300 GL agarose-crosslinked column (GE Healthcare) on an AKTA P-920 FPLC (Amersham
Biosciences) connected to a fraction collector. Four 1-mL fractions eluting in the HDL size range
were pooled together and dialyzed to 100 pL, of which one aliquot was used for glycoproteomic
analysis, another for lipidomics analysis, and one for analysis of CEC.

HDL Protein and Glycoprotein Identification
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Isolated HDL samples were run on an Agilent 1290 Infinity Il High-Performance Liquid
Chromatography (HPLC) coupled to a Fusion Lumos MS/MS Orbitrap (Thermo Fisher
Scientific). Peptides and glycopeptides were identified with Byonic software (Protein Metrics
Inc) from the Orbitrap MS data (see Supporting Information Material 1 for additional details).

A total of 33 HDL -associated proteins were monitored in this study including
apolipoprotein A-1 (APOAL), apolipoprotein(a) (LPA), apolipoprotein A-11 (APOA2),
apolipoprotein A-1V (APOAA4), apolipoprotein A-V (APOADS), apolipoprotein C-11 (APOC2),
apolipoprotein C-1V (APOC4), apolipoprotein F (APOF), apolipoprotein L1 (APOL1),
haptoglobin-related protein (HPR), phosphatidylcholine-sterol acyltransferase (LCAT),
phospholipid transfer protein (PLTP), alpha-1-antitrypsin (A1AT), alpha-1B-glycoprotein
(A1BG), alpha-1-antichymotrypsin (AACT), apolipoprotein B-100 (APOB100), apolipoprotein
C-1 (APOC1), apolipoprotein C-111 (APOCS3), apolipoprotein D (APOD), apolipoprotein E
(APOE), beta-2-glycoprotein 1 (APOH), apolipoprotein M (APOM), complement C1s
subcomponent (C1S), clusterin (CLUS or APQJ), complement C3 (C3), alpha-2-HS-
glycoprotein (FETUA or AHSG), hemopexin (HPX), heparin cofactor 2 (HCF2), kininogen-1
(KNG1), serum paraoxonase/arylesterase 1 (PON1), serum amyloid A-4 (SAA4), serum
amyloid A-1 (SAAL), serum amyloid A-2 (SAA2).

Targeted glycoproteomics analysis

(Glyco)peptides were guantified on an Agilent 1290 Infinity 11 LC system coupled to an
Agilent 6495B Triple Quadrupole MS. A commercially available human serum (Sigma-Aldrich)
was also digested to serve as sample preparation controls. Protein standards (APOA1, APOC1,
APOD, APOE, CLUS; all from Sigma-Aldrich) were mixed and digested with the batch to serve

as calibration standards (see Supporting Information Material 2 for additional details).
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A transition list for target analytes was created by combining previously reported transitions30.46
with new transitions selected from the Orbitrap analysis. The transition list included 47 peptides
and 163 glycopeptides from 33 proteins. The instrument was run on Dynamic Multiple Reaction
Monitoring (DMRM) mode to minimize the number of transitions being monitored at each scan
cycle. For peptides, at least 2 product ions were selected for monitoring. Quantitation was based
on the area of the more abundant product ion while the other ions monitored were for qualitative
identification. Abundance is the amount of a glycopeptide in ion counts normalized to the ion

counts of the non-glycosylated peptide, which is used as a measure of the total amount of that

protein. Product ions for glycopeptides were based on diagnostic glycan fragments.

HDL lipidomic analysis

The HDL lipidomic profile was measured at the West Coast Metabolomics Center, using a
previously reported protocol.#” Briefly, 225 uL of cold internal standard mixture was added into
25 uL purified HDL sample, followed by adding 750 pL cold methyl tert-butyl ether containing
cholesteryl ester (CE) 22:1, and 188 uL of distilled water was added after shaking at 4°C for 6
min. Following centrifugation at 14,000 x g for 2 min, 350 pL supernatant was extracted, dried
down, and resuspended with 65 uL. methanol/toluene (9:1, v/v) solution, and 3 pL of the
resuspended sample was then injected into a LCMS for analysis. Each sample was injected in
parallel into an Agilent 6530b quadrupole time-of-flight (QTOF) and a 6550 QTOF for positive
and negative mode respectively to capture as many complex lipid species as possible. Liquid
chromatography separation was done on a Waters Ultra-Performance Liquid Chromatography
CSH C18 column (1.7 uM, 2.1 mm 100 mm), using a gradient method. A quality control (QC)

lth

sample was run every 11™ injection. The QC samples all came from the same human plasma
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pool. The internal standard mixture contained ceramide (Cer) d18:1/17:0, d7-cholesterol,
diacylglycerol (DG)12:0/12:0, lysophosphatidylcholine (LPC) 17:0,
lysophosphatidylethanolamine(LPE) 17:1, monoradyglycerol (MG) 17:0, phosphatidylcholine
(PC) 12:0/13:0, phosphatidylethanolamine (PE) 17:0/17:0, sphingomyelin (SM) d18:1/17:0,
sphingosine (d17:1), and d s-triacylglycerol (TG) 17:0/17:1/17:0 dissolved in methanol. Each
lipid species was calibrated to the internal standard which belongs to the same lipid class. The
concentration of lipid classes was calculated by aggregating all lipid species which belong to the
same lipid class. Lipidomics summarized variables including equivalent of d ouble-bound per 18
carbons (EOD, ), average chain length (ACL), and surface/core lipid ratios were calculated as
reported previously.18
Analysis of CEC

HDL CEC was measured using a commercially available kit (Abcam, ab19685) using a
protocol as reported previously.*8 J774A.1 (ATCC TIB-67) macrophage cells were first cultured
for 4 h in Roswell Park Memorial Institute (RPMI) 1640 medium with 10% fetal bovine serum
(FBS) and fluorescently labeled with cholesterol labeling reagent for another 4 h. Cells were then
washed and incubated for 2 h with isolated HDL fractions, together with acyl-CoA:cholesterol
acyltransferase (ACAT) inhibitors and 3',5'-cyclic adenosine monophosphate (CAMP). Cellular
supernatant was removed, and cells were lysed using MPER cell lysis buffer (78501; Thermo
Scientific). The fluorescent intensity in the supernatant and cells were measured separately using

a Synergy H1 plate reader (BioTek). The cellular cholesterol capacity was calculated as follows:

. fluorescence intensity of the media
% cholesterol efflux capacity= - - — % 100
fluorescence intensity of the cell lysate + media

Statistical analysis
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The statistical analysis plan was posted before analysis (https://ilins.ucdavis.edu/). With
our sample size of 40 per group, we can detect an effect size of 0.64 SD in the mean difference
between groups, assuming an alpha of 0.05 and 80% power. Data were analyzed on an intention-
to-treat basis whereby children were included regardless of adherence to the intervention. Data
analysis was performed in R (3.6.1). The distributions of outcome variables and key baseline
variables were inspected for normality using the Shapiro-Wilks test. A Shapiro-Wilks statistic
larger than 0.95 was considered normally distributed. Outcome variables were transformed as
necessary with a natural log transformation and if this still did not normalize the distribution,
normalized ranks or categories were created. Maternal background characteristics were
summarized as mean = SD according to their intervention group assignment at enrollment (IFA
or SQ-LNS). The household assets index, housing index, and household food insecurity access
score were calculated as proxy indicators for women’s socioeconomic status as reported
previously.> The children’s growth status was expressed as weight for age Z score (WAZ), length
for age Z score (LAZ), weight for length Z score (WLZ), and head circumference Z score
(HC2), calculated according to the World Health Organization standard.*®

Unadjusted and adjusted linear models were used to test the impact of the intervention
group (SQ-LNS vs. IFA) on the HDL lipidome, proteome, and CEC. The adjusted model
included the mother’s baseline characteristics, including height, BMI, age, years of formal
education, household food insecurity access score, asset index, housing index, malaria status,
maternal alpha-1-acid glycoprotein (AGP) and C-reactive protein (CRP), and child’s sex. A
covariate was included in the adjusted model if it was correlated with the outcome variable using
Pearson’s correlation test (p < 0.1). We hypothesized that SQ-LNS provided to both mothers and

their children would increase child CEC; we conducted a one-tailed test for significance because

39


https://ilins.ucdavis.edu/

it is very unlikely that SQ-LNS could cause a decrease in this outcome, given that SQ-LNS
contain ALA, which has been shown to increase CEC in vitro.22 Two-tailed tests were performed
for the lipidomics primary outcomes, HDL EOD,, ACL, and surface/core lipid ratio, and for the
proteomics primary outcomes, HDL APOA1, SAAL, SAA2, and APOL1 level. We hypothesized
that because the SQ-LNS supplement provided essential fatty acids, the average desaturation and
chain length of the fatty acids within HDL particles, and the ratio of surface lipids (i.e.
phospholipids) to core lipids (i.e. cholesterol esters) would be altered among children in the SQ-
LNS group. We also hypothesized that the content of the main apolipoprotein associated with
HDL, APOAL, as well as the content of proteins linked to immune activation and inflammation
(i.e. SAAL, SAA2, and APOL1), would be altered in the SQ-LNS group.

An exploratory analysis was performed to examine whether intervention group was related
to the secondary outcomes, HDL lipidome species or glycopeptides, using linear models with
two-tailed tests. In the exploratory analysis, a Benjamini-Hochberg test was performed to correct
for multiple testing. Enrichment analysis was performed using the phyper function in R’s stats
package to test whether the glycopeptides of each protein were enriched in either intervention
group. Enrichment is characterized as the total amount of glycopeptides of a particular protein
across all glycosylation sites as a measure of the degree of glycosylation of that protein. The
glycan signals nomenclature follows the conventions of the Consortium for Functional
Glycomics. The glycopeptides are labeled as Protein_Position_GlycanComposition_ChargeState.
Glycan compositions are written as 4-digit numbers indicating the number of hexose (mannose
or galactose), N-acetylhexosamine (N-acetylgalactosamine), fucose, N-acetylneuraminic acid or
sialic acid (Neu5Ac), respectively. For example, A1AT_70_5402 represents the glycopeptide of

A1AT consisting of 5 hexose, 4 N-acetylhexosamine, 0 fucose, and 2 Neu5Ac.
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An additional exploratory analysis was performed to examine the association between
HDL glycosylation and CEC to identify which compositional changes to the HDL particles were
associated with improvement in cholesterol efflux. We have previously found that glycoprofiles
of HDL-associated proteins were highly correlated with CEC.?! For the association between
CEC and HDL glycosylation, a Spearman’s test was used to reduce the effect of outliers.
We also explored the associations between HDL variables (lipidome, proteome, and CEC) and
growth outcomes, including growth statusat 18 mo (WAZ, LAZ, WLZ and HCZ) and change in
WAZ,LAZ, WLZ, and HCZ from 12 to 18 mo, using both unadjusted and adjusted models. The
potential covariates in the adjusted models included maternal age, height, BMI, malaria status,
hemoglobin, asset, and housing index, household food insecurity access score, and years of
formal education, as well as child morbidity (number of episodes of respiratory infections, fever,
loose stool, and poor appetite from 6 to 18 mo). Covariates were included in the adjusted model

if they were correlated with the growth outcome using Pearson’s correlation test (p <0.1).

RESULTS

The baseline characteristics of the mothers of the 80 selected children, and the child
morbidity variables from 6 to 18 mo, are presented in Table 1, by intervention group. There
were no significant differences in the baseline characteristics between the SQ-LNS and IFA
groups. Child growth status at 18 mo and the change in z-scores from 12 to 18 mo are presented
in Table 2, by intervention group. The children in the SQ-LNS group had an increase instead of
a decrease in LAZ from 12 to 18 mo, and this difference in change of LAZ score was statistically

significant (p = 0.044).
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Table 1: Background characteristics at enrollment of mothers in the iron+folic acid (IFA) and
small-quantity lipid-based nutrient supplement (SQ-LNS) groups, and child morbidity from 6 to

18 months in this subsample®.

Background characteristics” IFA (n =40) SQ-LNS (n=40) p-value
Age,y 22.1+3.1(40) 23.3+£3.6 (40) 0.109
Estimated pre-pregnancy BMI', kg/m? 21.7+2.0 (40) 21.4+2.0(36) 0.564
Years of formal education, y 8.3+2.7 (40) 8.3+3.1(40) 1.000
Mother’s height, cm 158.1 £5.0 (40) 160.4 £5.9 (36) 0.065
Household Food Insecurity Access score 1.7+3.5(39) 0.9£2.6 (40) 0.241
Gestational age at enrollment, wk 39.0+£2.2 (40) 39.5+£1.7 (40) 0.228
Asset Index* 0.02 +0.86 (40) 0.01 +£0.89 (40) 0.952
Housing Index* -0.27 £1.07 (40) 0.05+0.87 (40) 0.139
Maternal malaria RDT® 4/40 (10.0) 6/40 (10.0) 0.505
Mother’s blood hemoglobin conc., g/L 109.1+11.0(40) 107.6 £ 9.8 (40) 0.521
Child morbidity variablesfrom 6 to 18 months
Any illness episodes 12.4+5.2 (36) 13.9+7.5(39) 0.327
Fever episodes 2.0+£1.7 (36) 2.3+£2.2(39) 0.529
Loose stool episodes 2.2+£2.4(36) 3.2+£3.2(39) 0.114
Respiratory infection episodes 7.8+£3.4(36) 7.7+£3.8(39) 0.945
Poor appetite episodes 3.1+2.5(36) 3.6 +3.3(39) 0.465

*Values are presented as mean + SD (n). Values are presented as n/N = number of participants whose
response was “yes” in question/n of participants analyzed. RDT, rapid diagnostic test. IFA, iron and folic
acid; SQ-LNS, small-quantity lipid-based nutrient supplement.

TPre-pregnancy body mass index (BMI) was estimated from height and weight at enrollment using
polynomial regression with gestational age, gestational age squared, and gestational age cubed as
predictors. Mean estimated pre-pregnancy BMI in this subcohort was lower than in the larger study
population® because of the selection criteria for this subcohort (non-overweight women).

Proxy indicators for household socioeconomic status. Higher index value means higher socioeconomic
status.

§ Clearview Malarial Combo, Vision Biotech
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Table 2: Anthropometric characteristics of children in the subsample, by intervention group”.

Z-score at 18 months
Growth outcomes

Changein z-score from 12 to 18 months

IFA (n =40) SQ-LNS (n=40) p-value IFA (n=40) SQ-LNS (n=39) p-value
WAZ -0.94+1.01(40) -0.69+1.09(40) 0.304 -0.14+041(37) -0.05+0.54(35) 0.430
LAZ -0.97£0.91(40) -0.63+1.11(40) 0.138 -0.16+0.36(37) 0.05+0.47(35) 0.044
HCZ -1.16 +£1.04(40) -1.08+0.87(39) 0.717 -0.30+0.50(37) -0.24+0.44(34) 0.647
WLZ -0.66 +1.06(40) -054+1.05(40) 0.635 -0.10+0.57(37) -0.11+0.59(35) 0.944

*Values are represented as mean + SDs (n). IFA, iron and folic acid; SQ-LNS, small-quantity lipid-based

nutrient supplement; WAZ, weight for age z-score; LAZ, length for age z-score; HCZ, head

circumference for age z-score.
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HDL composition and function by intervention group

The primary HDL outcome variables are shown in Table 3. HDL CEC was significantly
higher among children in the SQ-LNS group compared to those in the IFA group (p = 0.038,
one-tailed test). HDL lipidome characteristics including EOD, ¢, ACL, and surface/core lipid
ratio were not significantly different between groups (Table 3). HDL APOAL, SAAL, SAA2,
and APOL1 were also not significantly different by intervention group.

Three-hundred and thirteen lipid species from 12 lipid classes were quantified
(Supporting Information Table S1). The effects of the intervention on lipid species are
presented in the volcano plot of Figure 1A. Only two lipid species, phosphatidylcholine 35:4.1
(p = 0.0188) and phosphatidylcholine 33:1.1 (p = 0.033) were significantly different between
intervention groups, and these differences did not remain statistically significant after correction
for multiple testing (p = 0.998 and p = 0.998, respectively).

Thirty-three HDL associated proteins and 163 glycopeptides from 21 proteins were
quantified; the remaining 12 out of the 33 HDL -associated proteins did not contain glycopeptides
(Supporting Information Tables S2 and S3). There were no statistically significant differences
between intervention groups in any of the 33 HDL-associated proteins. The effects of the
intervention on the glycopeptides are presented in the volcano plot of Figure 1B. The
abundances of 12 glycopeptides differed between intervention groups. Four sialylated A1AT
glycopeptides (i.e., ALAT_70 5402, A1AT 271 5511, A1AT 271 5402, and
A1AT 107_5402) were higher in children in the SQ-LNS group (p =0.008, p =0.019,p =
0.043, and p = 0.028, respectively, before correction for multiple testing). The sialylated
glycopeptides AACT_271 6502, FETUA 176 6501, and C1S_174 5401 were also higher in

children given SQ-LNS (p = 0.004 and 0.017, and 0.047, respectively). Two APOC3
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glycopeptides (APOC3 94AMC _1202 and APOC3_94 1101, p=0.030 and 0.027, respectively)
and three CLUS glycopeptides (CLUS 291 5421/5402, CLUS 374 6520/6501 and
CLUS 291 5400,p =0.014, p =0.043, and p = 0.047, respectively) were lower in children
given SQ-LNS. However, none of the group differences in these glycopeptides remained
significant after correction for multiple testing.

Enrichment analysis results for 21 proteins showed whether the glycopeptides of a
particular protein were enriched within either group (Supporting Information Table S4).
Glycopeptides of A1AT, FETUA, and AACT were significantly enriched in the SQ-LNS group
(p <0.001, p=0.004, and p = 0.006, respectively), whereas glycopeptides of APOC3, CLUS,
and PON1 were significantly enriched in the IFA group (p = 0.001, p = 0.004, and p = 0.002,

respectively; Figure 2).

45



Table 3: Primary HDL outcomes at 18 months of age, by intervention group”.

_ SO-LNS Unadjusted Model Adjusted Model
Variable IFA (N=40) (N=40) Difference in o-value Difference in o-value
means (95% Cl) means (95% ClI)

Cholesterol Efflux (%)* 19.4+33 209+4.1 1.5(-0.2,3.2) 0.038 1.5(-0.2,3.2) 0.038
Overall EOD,¢ ™* 14+0.1 14+0.1 0.0(-0.0,0.1) 0.429 0.0(-0.0,0.1) 0.429
Overall ACL™ 156 0.4 156 +0.5 -0.0(-0.2,0.2) 0.960 -0.0(-0.2,0.2) 0.831
Surface/core lipids ratio®"” 20+0.3 20+04 0.0(-0.2,0.2) 0.942 0.0(-0.2,0.2) 0.942
APOA 1Y 14+£0.5x10°  1.5£0.5x10°  0.1(-0.1,0.3)x10° 0410  0.1(-0.1,03)x10°  0.410
SAAL™ 84+59x10°  9.5+5.7x10°  1.1(-1.4,3.7)x10° 0387  1.9(-0.74.5)x10°  0.146
SAA2™ 1.4£09x10*  1.6+1.0x10*  02(-02,06)x10* 0344  02(-02,0.6)x10*  0.344
APOL1™ 8.6+8.6x10°  7.846.5x10° -0.7(4.12.7)x10° 0671  0.3(3.03.6)x10°  0.864

*Values are represented asmean = SDs (n). IFA, iron and folic acid; SQ-LNS, small-quantity lipid-based nutrient
supplement.

TEOD,4: Equivalent of double-bond per 18 carbons; ACL: Average chain length.

tsurface lipids include amphipathic phospholipids, lysophospholipids, sphingomyelin, ceramides, free cholesterol,
diacylglycerol, and monoacylglycerol. Core lipids include hydrophobic cholesteryl esters and triacylglycerol.

$The mass spectrometry intensity was reported for APOAL (apolipoprotein A-1), SAAL (serum amyloid A-1), SAA2
(serum amyloid A-2), and APOL1 (apolipoprotein L-1).

IThe adjusted modelincluded mother’s baseline characteristics, including height, body massindex (BMI), age, years
of formaleducation, household food insecurity accessscore, assetindex, housing index, malaria status, maternal
alpha-1l-acid glycoprotein (AGP) and C-reactive protein (CRP), and child’s sex.

#One-tailed test was performed.

"*Two-tailed test was performed.
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Figure 1: Volcano plots of the intervention effects on high-density lipoprotein (HDL) lipid
species (A) and HDL glycopeptides (B). The log fold changes of all measured variable are
displayed on the x-axis and the -log(p-value) on the y-axis. Variables with p-value < 0.05 were

labeled. P values were not corrected for multiple testing.
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Figure 2: Enrichment analysis of glycopeptides in the IFA and SQ-LNS group. Out of the 33
HDL-associated proteins monitored, 21 contained glycopeptides. Six glycopeptides from a
subset of the 21 proteins differed significantly in enrichment between intervention groups.
Enrichment is characterized as the total amount of glycopeptides of a particular protein across all
glycosylation sites as a measure of the degree of glycosylation of that protein. Number of
glycopeptides of APOC3 (apolipoprotein C-I11), CLUS (clusterin), PON1 (paraoxonase 1),
AACT (alpha 1-antichymotrypsin), FETUA (fetuin A), and A1AT (alpha-1-antitrypsin) that are
lower (left panel) or higher (right panel) in children in the SQ-LNS compared to the IFA
intervention group. SQ-LNS, small-quantity lipid-based nutrient supplements; IFA, iron and

folic acid; HDL, high-density lipoproteins.
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Associations between site-specific glycosylation and CEC

Amongthe 12 glycopeptides that were altered by SQ-LNS intervention (Figure 3A),
A1AT_70_5402 was also positively associated with HDL CEC (Spearman’s unadjusted p =0.006,
Figure 3B). Five additional glycopeptides (not altered by SQ-LNS) were significantly correlated with
HDL CEC (Figure 3C-G): ALAT 70 5412 (unadjusted p = 0.049), FETUA 156_6513 (unadjusted p =
0.015), and two sialylated APOD glycopeptides, APOD_98 5402 and APOD_6503 (unadjusted p = 0.031
and p =0.034, respectively), were positively associated with HDL CEC, whereas PON1_324 6503 was
negatively associated (unadjusted p =0.017) with HDL CEC. However, none of these associations

remained significant after correction for multiple testing.
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Figure 3: A: Dotmap of the SQ-LNS effects on HDL glycopeptides and glycopeptide correlation
with CEC. Glycopeptides that were significantly different (P <0.05) between intervention
groups are shown. The darkness of the background indicates p-value. The dot size represents
glycopeptide log fold changes in the abundance analysis. B-G: Scatterplot of all glycopeptides
associated with HDL CEC, including glycopeptides A1AT 70 _5402 (B), FETUA 156 6513
(C), PON1_324 6503 (D), APOD_98 5402 (E), APOD_65 6503 (F), and ALAT 70 5412 (G).
CEC, cholesterol efflux capacity; HDL, high-density lipoprotein; SQ-LNS, small-quantity lipid-
based nutrient supplements; A1AT, alpha-1-antitrypsin; FETUA, alpha-2-HS-glycoprotein;

PON1, serum paraoxonase/arylesterase 1; APOD, apolipoprotein D.
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Associations between HDL composition and function and growth outcomes

We determined the associations between the primary HDL variables (HDL CEC, overall EOD g
and ACL, surface/core lipid ratio, HDL APOA1, SAAL, SAA2, and APOL1) and the growth outcomes
(Supporting Information Table S5). Overall EOD,g was positively associated with the change in LAZ
from 12 to 18 mo in the adjusted model (p =0.041). HDL APOA1 was positively associated with change
in WAZ and WLZ from 12to 18 mo (p =0.017 and p =0.0105, respectively). HDL SAAl and SAA2
were both positively associated with change in WAZ (p <0.001 for both), and change in WLZ (p <0.001
for both) from 12 to 18 mo. APOL1 was positively associated with change in HCZ (p =0.035), WAZ (p <

0.001) and WLZ (p <0.001) from 12to 18 mo.

DISCUSSION

In this secondary outcome analysis of a subgroup of participants in the iLINS-DYAD-
Ghana study, we explored whether SQ-LNS given to both mothers and their children was related
to child HDL composition and function at 18 mo, and whether these HDL characteristics were
associated with growth outcomes. The previously published results using the complete set of
participants (N = 1228) demonstrated that children in the SQ-LNS group had significantly higher
WAZ and LAZ at 18 mo.® Inthis study of a subset of 80 children, the results support our
hypothesis that HDL from children in the SQ-LNS group had an increased capacity to efflux
cholesterol from macrophage cells compared to HDL from children in the IFA group. We did not
observe any significant differences in the level of HDL -associated proteins including APOAL,
SAA, or APOL1, or their glycosylation compositions. However, there was a significant
enrichment of glycopeptides in A1AT, FETUA, and AACT in the SQ-LNS group and an
enrichment of glycopeptides in APOC3, CLUS, and PONL1 in the IFA group. We also found that

the HDL lipidome EOD, 3 was positively associated with the change in LAZ from 12 to 18 mo,
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whereas the HDL-associated proteins including APOAL, SAAL, SAA2, and APOL1 were
associated with other aspects of growth from 12 to 18 mo.

To our knowledge, the HDL CEC of children in lower-income populations has not been
previously studied. In Ireland, HDL CEC was negatively correlated with waist circumference
and BMI in children at age 5 and 9 years, suggesting that over-nutrition may have a detrimental
effect on HDL cholesterol efflux.22 Among children under 6 years of age in India, decreased
PON1 activity and anti-oxidant capacity were observed in 30 malnourished children compared to
30 healthy controls.?* Our results suggest that improved maternal and child nutrition may
improve HDL CEC among children at 18 mo of age. Cholesterol efflux is a critical function of
HDL particles, regulating cellular cholesterol homeostasis and thus affecting a wide array of
fundamental cellular activities.?> For example, by regulating cellular plasma membrane
cholesterol content, HDL particles potentiate the innate immune response by increasing the
ability of macrophages to clear respiratory tract bacterial infections.'* HDL particles also
potentiate the adaptive immune response by regulating dendritic cell phenotype and activity.2®

APOAL1, as the defining HDL protein, is strongly linked with the ability of HDL particles
to efflux cholesterol and is essential for the binding of HDL particles to the ABCA1 receptor.2’
In this study, child HDL APOAL concentration was not significantly higher in the SQ-LNS
group, suggesting either that a larger sample size is needed to determine whether SQ-LNS
increases HDL APOA1, or that another HDL parameter was responsible for the increase in
efflux capacity.

The lack of effect of SQ-LNS on HDL lipidomic composition was somewhat surprising.
We expected that providing SQ-LNS, which is enriched in fatty acids from soybean oil and

peanut, would result in an enrichment of these fatty acids, and a change in the overall saturation

52



and chain length of fatty acids within HDL lipids. We expect that this lack of effect onthe HDL
lipidome may be due to the background diet and/or breastmilk fatty acid composition, or that the
amount of lipid in the supplement was less than what is needed to change the composition of

HDL. EOD ¢ and ACL are estimations of the overall unsaturation and chain length, respectively,
of fatty acids in the HDL lipidome. A higher EOD, value means more unsaturated fatty acids in

a sample, while a higher ACL means more long-chain fatty acids. The EOD,; and ACL observed

in this sample of children at 18 mo were 1.4 + 0.1 double bondsand 15.6 + 0.5 carbons,
respectively. Breastmilk fatty acids tend to be enriched in medium-chain fatty acids (e.g. 12:0,
14:0, 14:1), which may be contributing to the observed ACL in these children at 18 mo of age,
given that many of them were still breastfeeding.28 In fact, women in the SQ-LNS group had
higher median ALA levels and ALA:arachidonic acid ratios in breast milk at 6 mo postpartum
compared to women in the MMN group (p = 0.02 and p = 0.02, respectively) and IFA group
(non-significant for both), although these differences did not remain statistically significant after
adjusted analysis.2°

Proteins associated with HDL have different glycosylation patterns compared to the
proteins in plasma, suggesting that glycosylation may be important for either directing proteins
to HDL particles or conferring HDL-specific functions.3? We have also previously shown that
the glycosylation profiles of APOCS3, but not A1AT, FETUA, and APOE, were changed in
response to short-term diet change.?* However, the effects of longer-term diet change on HDL
glycosylation profiles have not been previously reported. Our exploratory findingsin this subset
of 80 children suggest that SQ-LNS may alter the glycosylation of several key HDL -associated
proteins. The abundances of 12 specific glycopeptides on 6 different HDL proteins were

different in response to long-term provision of maternal and infant SQ-LNS. Seven of the
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glycopeptides that differed were derived from 3 acute-phase proteins (A1AT, AACT, and
FETUA) and 1 immune protein (C1S), and these exhibited higher abundance in the SQ-LNS
group. Moreover, A1AT, AACT, and FETUA, but not C1S, were found to be more highly
glycosylated in the SQ-LNS group through enrichment analysis. Both ALAT and AACT are
protease inhibitors released in response to a wide variety of inflammatory stimuli, to protect
tissues from proteolytic degradation associated with the activity of immune cells, particularly
neutrophils.3132 FETUA is a lipid binding protein that has multiple roles, including its role as a
negative acute-phase protein during sepsis and endotoxemia, its role in promoting wound
healing, and its role in neuroprotection.33:34 C1S isa critical component in the activation of the
classical complement pathway, which is involved in innate immunity.3° Five of the 12
glycopeptides that differed by intervention group were derived from 2 other HDL proteins,
APOC3and CLUS. For these, lower glycopeptide abundance and enrichment were observed in
the SQ-LNS group. APOC3 is involved in the regulation of lipoprotein metabolism, and its
concentration in pre-school children born preterm has been found to be higher than in those born
full term.36 CLUS is a glycoprotein with a multitude of functions including lipid transport and as
a chaperone protein.3” , In the enrichment analysis, PON1 glycosylation was also lower in the
SQ-LNS group. PONL1 is an enzyme that influences HDL antioxidant capacity, and its activity
was found to be diminished in obese children compared with normal weight children.38:3% The
implications of these glycoprofile changes associated with SQ-LNS in the context of growth and
development in lower-income settings are currently unknown and further work on their
mechanism is needed.

Glycosylation involvement with HDL cholesterol efflux is largely unknown. Here, we

found that 6 glycosylation sites on four HDL proteins were associated with CEC. Among these,
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two disialylated A1AT glycopeptides, AIAT_70_5402 and ATAT_70_5412, were positively
associated with CEC. Interestingly, both of these glycopeptides have been previously reported to
be associated with CEC in healthy adults.?! Thus, the site-specific glycosylation of ALIAT may
play a role in modulating HDL functional capacity, but the underlying mechanism by which
glycosylation alters HDL function remains to be explored.

The HDL lipid EOD, ¢ was significantly correlated with change in LAZ from 12 to 18 mo
in this study, which suggests that higher levels of fatty acid unsaturation or higher dietary intake
of unsaturated fatty acids may have beneficial effectson linear growth. Indeed, a cross-sectional
study in Malawi found that stunted young children aged 12 to 59 mo had lower levels of serum
-3 and »-6 polyunsaturated fatty acids.*° We found that HDL APOA1 was positively associated
with WAZ and WLZ changes from 12 to 18 mo, which suggests that higher HDL APOA1
content during early development may be associated with increased ponderal growth. However,
these results may not be generalizable to populations of different geographical regions. For
example, the iLINS-DYAD trial in Malawi showed no changes in linear growth in the SQ-LNS
group compared with the IFA group at 18 mo of age.*!

The strengths of this study include a detailed analysis of HDL composition and in vitro
assessment of HDL functional capacity in a well-characterized cohort of young children. The
sub-cohort of 80 children selected for this study were similar to the whole cohort (n = 440 for
IFA and n = 441 for SQ-LNS) from the larger iLINS-DY AD-Ghana study with respect to the
mean and standard deviation of the WAZ, LAZ, HCZ, and WLZ scores.® The exploratory nature
of the study and the small sample size are limitations of the study. While the aim of this pilot
study is to investigate the function and composition of HDL particles in children, further

research should explore whether the composition of their LDL particles is altered by SQ-LNS.
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CONCLUSION

In this sample of children, we demonstrated that provision of SQ-LNS had a beneficial
effect on HDL CEC and potentially also on HDL protein glycosylation, but not lipidomic
composition or protein abundance in HDL. Further research is needed to evaluate whether an
improvement in CEC due to SQ-LNS is evident in other populations and to investigate the long-
term impact of improved HDL functional capacity on the growth and development of young

children.
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ABSTRACT

BACKGROUND: Small-quantity lipid-based nutrient supplements (SQ-LNS) during pregnancy
and postnatally improved child cholesterol efflux capacity (CEC) and length at 18 mo in the
International Lipid-Based Nutrient Supplements (iLINS) DY AD trial in Ghana. In this secondary
outcome analysis, we determined whether SQ-LNS alters high-density lipoprotein (HDL) CEC

and the activities of three additional enzymes involved in HDL metabolism.

METHODS: Plasma samples were obtained from a subsample of mothers at 36 weeks gestation
enrolled in the iILINS-DYAD trial in Ghana (N = 197). We investigated HDL CEC and the

activities of three enzymes in mothers supplemented with either SQ-LNS or iron and folic acid

(IFA). We further explored whether these functional metrics varied by season.

RESULTS: SQ-LNS did not have a significant effect on HDL CEC or plasma lecithin-
cholesterol acyltransferase (LCAT) activity, cholesteryl transfer protein (CETP) activity, or
phospholipid transfer protein (PLTP) activity at 36 weeks gestation (P > 0.05, forall). LCAT
activity was negatively correlated with plasma inflammatory markers alpha-1-acid glycoprotein
(R =-0.19, 95% CI [-0.33, -0.05], P = 0.007) and C-reactive protein (R = -0.28, 95% CI [-0.41, -
0.14], P < 0.001). Regardless of supplemental group, median (25™ percentile, 75" percentile)
CETP (28.98 (23.18, 38.71) vs 21.69 (7.06, 34.12] pmol/ul/h, P < 0.001) and LCAT activity
(1.46 (1.36, 1.54) vs 1.33 (1.28, 1.41) 390/470 nm, P < 0.001) were increased during the dry
season compared to the wet season, whereas PLTP activity was increased in the wet season
compared to the dry season (125.55 (69.92, 178.74) vs 90.34 (66.03, 115.46) pmol/ul/h, P =

0.001).
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CONCLUSION: This study shows that the activities of enzymes involved in HDL metabolism
and the capacity of HDL to efflux cholesterol are affected by factors that vary by season in
pregnant women in Ghana, and that these seasonal factors have stronger effects than the potential
effect of SQ-LNS.

This trial was registered at clinicaltrials.gov as NCT00970866.
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INTRODUCTION

Inadequate nutrient intake during pregnancy has long-lasting health effects in children that
increase the risk for impaired cognitive development (1) and growth (2). Limited access to safe
and nutritious foods is one of many factors that can detrimentally affect health and
socioeconomic status and, consequently, women from low- and middle-income countries are
often at risk of adverse pregnancy outcomes and of having children at risk for low birth weight
and other negative health effects (3).

The International Lipid-Based Nutrient-Supplement (iLiNS) Project developed small-
quantity lipid-based nutrient supplements (SQ-LNS) to address the issue of inadequate maternal
and child nutrition, where the primary objective is to prevent malnutrition, promote growth, and
decrease morbidity outcomes in children (4). SQ-LNS provides multiple micronutrients and
essential fatty acids, including linoleic and a-linolenic acid (ALA) to enrich the diet and
complement home-prepared meals. In Ghana, the efficacy of SQ-LNS is quite promising. The
children of mothers who were supplemented with SQ-LNS had improved birth size (4), mean
attained length at 18 mo (5), and iron status (6) compared to the children of mothers who were
provided the standard of care iron and folic acid (IFA) supplements during pregnancy (4-6).
Among women in this trial, the beneficial effect of SQ-LNS on children's growth was further
augmented in primiparous mothers (4).

High-density lipoprotein (HDL) particles are most well studied for their role in reverse
cholesterol transport, a key process to remove excess cholesterol from the body (7). However,
HDL particles are involved in many additional functions of great relevance to maternal and child
health, including protection from infectious pathogens (8,9). HDL particles are heterogeneous,

and their size, lipid, and protein components are known to influence their functional capacity

65



(10,11). HDL particles perform multiple pleiotropic functions including anti-inflammatory and
antioxidant functions among others, both of which are well established and important in response
to oxidative stress, placental vascular function, and normal pregnancy outcomes (12,13). HDL
particles are highly dynamic and can be rapidly altered by diet. For example, our group has
shown that just 4 days of dietary intervention alters the HDL lipidome (14). In Ghana, high HDL
cholesterol (HDL-C) at 36 weeks gestation is positively associated with longer gestational age at
delivery (15). Importantly, dietary interventions can influence the function of HDL particles
without changing total HDL-C. For example, we and others have found that consumption of eggs
improves HDL CEC without altering total HDL-C (16), highlighting the importance of assessing
parameters beyond the simple measurement of HDL-C to understand the potential impact of diet
on HDL. Although HDL have been extensively studied in the context of heart disease, little is
known about HDL biology during pregnancy.

We have previously shown that long-term SQ-LNS supplementation from enroliment to
18 mo of age improved child HDL CEC (17). Thus, the aim of this secondary outcome analysis
is to determine whether SQ-LNS supplementation also affected multiple measures of HDL
functional capacity and metabolism among women at 36 weeks gestation from the same mother-
child dyad cohort. We further explored whether these HDL functional parameters varied by
season. We hypothesized that mothers supplemented with SQ-LNS have altered HDL CEC as
well as altered activities of enzymes involved in HDL metabolism compared to mothers

supplemented with IFA.

MATERIALS AND METHODS

Participants

66



The study design and participant characteristics from the main trial have been described
in detail elsewhere (4). Women (N = 1320, mean gestation age = 16.3 weeks) were enrolled in
the iLINS trial in Ghana to assess the effects of SQ-LNS on maternal and child growth outcomes.
Briefly, women were enrolled year-round during the wet (May — October) and the dry
(November — April) seasons and were randomized to receive either SQ-LNS, IFA, or multiple
micronutrient supplements. Details of the three supplements have been described previously (4).
Project staff conducted biweekly visits to ensure fresh delivery of supplements and to monitor
supplement consumption and maternal and child morbidity. Blood was drawn at 36 weeks
gestation and plasma samples were separated at 1,252 x g for 15 minutes at room temperature
and then stored at -33°C in Ghana before being airmailed on dry ice to Davis, CA, USA. Samples
were stored at -80°C upon arrival.

In this subset of pregnant mothers, plasma samples from 197 women at 36 weeks
gestation were randomly selected based on 1) enrollment between October 2010 and December
2011 to avoid the inclusion of women enrolled earlier who received a mixed exposure of
supplements as previously described elsewhere (4) and 2) plasma samples that were not
subjected to more than 2 freeze-thaw cycles.

The study protocol was approved by the ethics committees of the University of
California, Davis; the Ghana Health Service; and the University of Ghana Noguchi Memorial

Institute for Medical Research and was registered on clinicaltrials.gov as NCT00970866.

Apolipoprotein-B depletion
Plasma apolipoprotein-B (ApoB) was precipitated by 20% polyethylene glycol (PEG,
molecular weight 6000, Sigma-Aldrich, St. Louis, MO, USA, catalog 25322-68-3) in water as

previously described by Davidson et al. (18). PEG mixture (40 uL) wasadded to 100 uL plasma
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for 20 minutes at room temperature, followed by centrifugation at 10,000 rpm for 30 minutes.
The HDL-containing supernatant was aliquoted and stored at -80°C until used.
HDL Cholesterol Efflux

HDL CEC in ApoB-depleted plasma was measured using a commercially available kit
(Abcam, ab19685) as previously described (17,19) with modifications. J774A.1 (ATCC,
Manassas, VA, USA, catalog TIB-67) were seeded at 50,000 cells in 96-well plates for 18 hours
in Roswell Park Memorial Institute media containing 10% fetal bovine serum and 100 ug/mi
penicillin and streptomycin. Cells were washed and labeled with fluorescent cholesterol along
with acyl-CoA cholesterol acyltransferase inhibitor and cyclic adenosine monophosphate for4
hours. Cells were washed with FluroBrite™ DMEM (Thermo Fisher Scientific, Waltham, MA,
USA, catalog A1896701) followed by incubation with ApoB-depleted plasma (2%) in
FluroBrite™ DMEM for another 4 hours. Cellular supernatant was removed, and the remaining
cells were lysed with M-PER cell lysis buffer (Thermo Scientific, Waltham, MA, USA, catalog
78501) for 30 minutes. The fluorescence in the supernatant and lysed fraction was measured at
485/523 nm (emission/excitation) on a Synergy H1 plate reader (Biotek, Winooski, VT, USA).

The percentage of cholesterol efflux (i.e. CEC) was calculated as followed:

. fluorescence intensity of the media
% cholesterol efflux capacity= - - — % 100
fluorescence intensity of the cell lysate + media

LCAT,PLTP, CETP Activity Assay
Commercially available kits were used to measure plasma LCAT, PLTP, and CETP
activities (all from Roar Biomedical Inc., New York, NY, USA) in duplicates following the

manufacturer’s instructions with modifications.
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LCAT activity (catalog mak107) measurements were collected on a Synergy H1 plate
reader (BioTek, Winooski, VT) read at 340 nm excitation and two emission wavelengths at 390
nm and 470 nm, which represent the hydrolyzed and intact substrate, respectively. The increase
in LCAT activity is indicated as increased Aem390/ Aem470 nm ratios.
CETP activity (catalog MAK106) was measured in 20 uL of plasma (1:10 dilution in 10 mM
Tris, 1 mM EDTA, 150 mM NacCl, pH 7.4) combined with synthetic cholesterol ester donor
particles and lipoprotein acceptor particles provided by the Kit. Plates were incubated for 3 hours
at 37°C then measured at 465 nm excitation and 535 emission wavelengths on a Synergy H1
plate reader (Biotek, Winooski, VT, USA). The increase in fluorescence intensity measures
CETP's ability to catalyze the transfer of the fluorescent cholesterol ester from the donor to the
acceptor particle.

PLTP activity (catalog MAK 108) was measured in 50 uL of diluted plasma (1:10 dilution
in 10 mM Tris, 1ImM EDTA, 150 mM NacCl, pH 7.4) by combining both donor and acceptor
particles. Plates were incubated for 30 minutes at 37°C. The transferred fluorescence intensity
was measured at 465 nm excitation and 535 emission wavelengths on a Synergy H1 plate reader
(Biotek, Winooski, VT, USA).

Statistical Analysis

The statistical analysis plan was posted before analysis (https://ilins.ucdavis.edu/). Sample

size calculation is based on an effect size of 0.4 from previous CEC dataamong children at 18
mo of age for mothers and their children enrolled in the iLINS-DYAD trial in Ghana (17). With a
sample size of 100 per group, we can detect an effect size of 0.40 SDs mean difference between
groups, assuming an alpha of 0.05 and 80% power. All data analyses were performed in R

version 4.1.1 (R Project for Statistical Computing, Vienna, Austria). Data from women were
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analyzed based on an intention-to-treat basis where women were included regardless of
adherence to intervention. Variables were inspected for normality using the Shapiro-Wilks test.
Non-normally distributed variables were natural log-transformed first. Normalized ranks were
created if the natural log-transformed data did not normalize the distribution.

Unadjusted and adjusted linear models were used to assess the effect of treatment on HDL
CEC and plasma LCAT, PLTP, and CETP activities. For the unadjusted model, a two-sample t-
test was used to compare intervention groups on normally distributed data. A Wilcoxon rank-
sum test was performed on data that did not follow a normal distribution. We also performed
unadjusted and adjusted linear models to compare the association between HDL CEC and
enzyme activities with birth outcomes, including infant weight, infant head circumference, infant
length, and duration of gestation. The adjusted model included the following participant baseline
characteristics if the outcome variables were Pearson correlated (P < 0.1) with the following
baseline covariates: body mass index (BMI), age, years of formal education, height, gestational
age at enrollment, season at enrollment (dry or wet), household food insecurity access score,
asset index, parity, primiparous status, malaria status, maternal alpha-1-acid glycoprotein (AGP),
and maternal C-reactive protein (CRP), hemoglobin levels. The associations between treatment
and each HDL measure were considered significant at P < 0.05. A chi-squared test or Fisher
exact test was used to compare categorical variables.

An exploratory analysis was performed to examine the associations between HDL CEC
and plasma LCAT, PLTP, and CETP activities. For the association analysis, a Spearman’s test
was used, and the R values were reported. We also explored whether these metrics were
associated with inflammatory markers (AGP and CRP) and hemoglobin levels at 36 weeks

gestation. Lastly, we examined whether HDL CEC and plasma LCAT, PLTP, and CETP
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activities were altered by season at 36 weeks gestation. Since ApoA-I1, the main HDL protein,
has a turnover rate of approximately 4 days (20), the function of HDL may be influenced by
factors mediated by seasonal variation at the time of blood draw.

RESULTS
Participants characteristics

The characteristics of the mothers (N = 197) at baseline and 36 weeks gestation are

presented in Table 1. There were no significant differences in baseline or 36 weeks gestation

values between the SQ-LNS and IFA groups.
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Table 1. Median (25™ percentile, 75" percentile) characteristics of study cohort of pregnant

women in Ghana.

Characteristics IFA (N = 104) SQ-LNS (N =93) Pvalue
<20 weeks gestation
. 24.6 (22.0,28.3) 24.8 (21.4,27.9) 0.637
2
n= n=
Body massindex (BMI), kg/m (n=101) (n=92)
Maternalage. vears 26.5(24.0, 30.0) 26.0 (22.0,30.0) 0.168
) n= n=
gy (n = 104) (n = 93)
. 9.0 (6.0, 9.0) 9.0 (6.0,9.0) 0.938
n= n=
Education,completed years (n = 104) (n = 93)
i 158.7 (154.8,162.2) 158.3(155.7,162.2)  0.729
n= n=
Mother’s height, cm (n = 101) (n = 92)
. 16.9 (14.1,18.7) 15.9 (13.9,18.7) 0.389
Gestationalage at enroliment, weeks (n = 104) (n = 93)
49.0% 50.1% 0.834
a
Season atblood draw, dry (n = 104) (n = 93)
o 27.9% 34.4% 0.323
04)a
Primiparous (%) (n = 104) (n=93)
. . 1.0 (0.0, 2.0) 1.0 (0.0, 2.0) 0.113
Parity (total births) (n = 104) (n = 93)
: : 0.0 (0.0.3.2) 0.0 (0.0. 2.0) 0.513
Household food insecurity accessscore (n = 104) (n = 92)
. 0.1(-0.1,0.9) 0.0 (-0.1, 0.6) 0.262
b
Asset index (n = 104) (n=93)
0, 0,
Overweight or obese (% BMI > 25 kg/m?)? (rfi'slgol) (;17:'89/5) 0.858
. . 8.7% 10.8% 0.618
a
Women with anemia (Hb <100 g/l) (n = 104) (n = 93)
6.7% 6.5% 0.937
Positive for malaria® (h= 184) (n= 903)
0.6 (0.5,0.8) 0.6 (0.5,0.8) 0.857
AGP (g/L) (n = 99) (n=89)
4.0(1.8,8.7) 4.6 (1.6,7.9) 0.564
CRP (mg/L) (n = 99) (n=289)
36 weeks gestation
. 27.7 (25.1,31.2) 27.5(25.2,30.9) 0.997
Body massindex (BMI), kg/m2 (n = 95) (n = 89)
48.1% 53.8% 0.425
Season atblood draw, dry? (n = 104) (n = 93)
. . 2.9% 6.5% 0.231
a
Women with anemia (Hb <100 g/l) (n = 104) (n = 93)
- . 6.7% 6.5% 0.937
ac
Positive for malaria (n = 104) (n=93)
0.4 (0.3,0.5) 0.4 (0.3,0.5) 0.535
AGP (g/L) (n = 104) (n=93)
2.1(1.0,45) 25(1.1,53) 0.456
CRP (mg/L) (n = 104) (n = 93)

aChi-square test, for indicated categorical variables

bProxy indicators for household socioeconomic status.
‘Rapid diagnostic test by Clearview Malarial Combo, Vision Biotech.
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AGP, alpha-1-acid glycoprotein; CRP, C-reactive protein; IFA, iron and folic acid; SQ-LNS, small-quantity lipid-
based nutrient supplement.
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Effects of SQ-LNS supplementation on HDL functional measures and associations with

birth outcomes.

The primary HDL outcome variables are shown in Table 2. HDL CEC and plasma
LCAT, PLTP, and CETP activities were not significantly different by intervention group in the

unadjusted or the adjusted model (P > 0.05 for all).
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Table 2. Primary HDL CEC and enzyme activities by supplement group at 36 weeks gestation.

Result by study group

Unadjusted Model

Adjusted Model©

out IFA SQ-LNS Difference in P Difference in P
utcome (N =104) (N =93) means (95% Cl) value means (95% Cl) value
Cholesterol efflux 38.09+4.78 37.71+4.45
capacity (%)’ -0.38(-1.68,0.93) 0.570  -0.15(-1.45,1.15)  0.821
(1]
LCAT activity 137 1.41
(390/470nm ratio)” [1.31,1.47] [131,150] 003(-001,007) 0234 0.02 (-0.02, 0.06) 0.325
o 97.54 101.47
PLTP ac‘“"t\lfo [66.31, [68.00, 2.99(-12.9,18.9) 0.866  2.69(-13.3,18.7)  0.740
(pmol/ui/h) 134.06] 147.59]
o 26.62 26.67
CETP activity [18.03, 36.58] [15.82, 0.67(-3.26,4.61) 0.643  -0.08(-3.98,3.81)  0.966
(pmol/ul/h)P 36.17]

3V/alues are represented as mean + SDs, two-tailed parametrictest.
bValues are represented as median [25" percentile, 75" percentile], two-tailed nonparametric test.
‘The adjusted modelincluded the mother’s baseline characteristics if the outcome variables were
Pearson correlated (P < 0.1), which includes body mass index (BMlI), age, years of education, height,
gestationalage, season, parity, primiparous, household food insecurity access score, assetindex, malaria
status, alpha-1-acid glycoprotein (AGP) and C-reactive protein (CRP), and hemoglobin levels. CETP,
cholesterylestertransfer protein; IFA, iron and folic acid; LCAT, lecithin-cholesterolacyltransferase;
PLTP, phospholipid transfer protein; SQ-LNS, small-quantity lipid-based nutrient supplement.
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We examined whether there were any associations between any of the HDL functional
measures and birth outcomes or duration of gestation. None of the HDL variables were

significantly correlated with infant birth weight, infant head circumference, infant length, or

duration of gestation in the unadjusted or the adjusted models (P > 0.05, Table 3).

76



Table 3. Pregnancy correlation outcomes with HDL CEC and enzyme activities at 36 weeks

gestation.
Unadjusted Adjusted?
Outcome B (SE) P value B (SE) P value
Cholesterol efflux
capacity (%)
Infant birth weight 0.001(0.006) 0.854 0.001 (0.006) 0.843
Infant head
. . 0.03 (0.02) 0.124 0.03 (0.02) 0.125
circumference at birth
Infant length at birth -0.02 (0.02) 0.367 -0.03 (0.03) 0.223
Duration of gestation 0.02 (0.02) 0.408 0.02 (0.02) 0.397
LCAT activity
(390/470nm ratio)
Infant birth weight -0.16 (0.17) 0.366 -0.09 (0.018) 0.620
Infant head 0.29 (0.57) 0616 0.40 (0.61) 0.510
circumference at birth e ’ ) ’ ) ’
Infant length at birth 0.49 (0.75) 0.517 0.45 (0.78) 0.568
Duration of gestation 0.34 (0.59) 0.565 0.67 (0.64) 0.301
PLTP activity
(pmol/ul/h)
Infant birth weight ~ -0.0002 (0.0005) 0.683 -0.0003 (0.0004) 0.487
Infant head
. . 0.0002 (0.002) 0.899 -0.0009 (0.001) 0.540
circumference at birth
Infant length at birth -0.002 (0.002) 0.329 -0.002 (0.002) 0.236
Duration of gestation 0.0009 (0.002) 0.595 0.0006 (0.001) 0.702
CETP activity
(pmol/ul/h)
Infant birth weight -0.002 (0.002) 0.128 -0.0001 (0.002) 0.955
Infant head
. . -0.008 (0.006) 0.214 0.003 (0.006) 0.631
circumference at birth
Infant length at birth -0.003 (0.008) 0.648 0.008 (0.009) 0.352
Duration of gestation -0.01 (0.006) 0.078 -0.007 (0.007) 0.327

@The adjusted modelincluded the mother’s baseline characteristics if the outcome variables were Pearson correlated
(P < 0.1), which includes body massindex (BMI), age, years of education, height, gestationalage, season, parity,
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primiparous, household food insecurity accessscore, asset index, malaria status, alpha-1-acid glycoprotein (AGP)
and C-reactive protein (CRP), and hemoglobin levels.
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Correlations between HDL CEC and enzyme activities

We examined whether HDL CEC and plasma LCAT, PLTP and CETP activities were
associated regardless of intervention (Figure 1). HDL CEC was significantly negatively
correlated with CETP activity (R = -0.26, 95% CI (-0.39, -0.12), P < 0.001) and positively
correlated with PLTP activity (R = 0.30, 95% CI (0.17, 0.43), P < 0.001). CETP activity was
significantly positively correlated with LCAT activity (R = 0.46, 95% CI (0.33, 0.56), P <
0.001). Both CETP and LCAT activities were significantly negatively correlated with PLTP
activity (R = -0.27, 95% CI (-0.40, -0.13), P < 0.001; R = -0.30, 95% CI (-0.43, -0.16), P <0.001,

respectively).

Associations between HDL functional measures and inflammatory markers and

hemoglobin levels

We explored whether HDL CEC and plasma LCAT, PLTP and CETP activities were
correlated with inflammatory markers AGP and CRP, as well as hemoglobin concentrations at 36
weeks gestation (Figure 1). AGP and CRP were significantly positively correlated (R = 0.49,
95% CI (0.37, 0.59), P <0.001). LCAT activity was significantly negatively correlated with both
AGP (R =-0.19, 95% CI (-0.33, -0.05), P = 0.007) and CRP (R = -0.28, 95% CI (-0.41, -0.14), P
< 0.001), whereas HDL CEC, PLTP activity, and CETP activity were not significantly correlated
with either AGP or CRP (P > 0.05). HDL CEC was positively correlated with hemoglobin (R =
0.15, 95% CI (0.01, 0.29), P = 0.036), but no significant correlations between plasma LCAT,

PLTP, and CETP activities with hemoglobin were observed.
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Figure 1. Spearman correlation analysis between HDL CEC, plasma enzyme activities,
inflammation markers, and hemoglobin levels. AGP, alpha-1-acid glycoprotein; CEC,
cholesterol efflux capacity; CETP, cholesteryl ester transfer protein; CRP, C-reactive protein;

LCAT, lecithin-cholesterol acyltransferase; PLTP, phospholipid transfer protein.
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HDL enzyme activities differ by season

We determined whether HDL CEC and plasma LCAT, PLTP, and CETP activities were
altered by season at 36 weeks gestation. Regardless of treatment group, median (25t percentile,
75™ percentile) LCAT activity (1.46 (1.36, 1.54) vs 1.33 (1.28, 1.41) 390/470 nm, P < 0.001) and
CETP activity (28.98 (23.18, 38.71) vs 21.69 (7.06, 34.12) pmol/ul/h, P <0.001) were
significantly higher in the dry season compared to the wet season (Figure 2AB). By contrast,
PLTP activity was significantly higher during the wet season compared to the dry season (125.55
(69.92, 178.74) vs 90.34 (66.03, 115.46) pmol/ul/h, P = 0.001 Figure 2C). HDL CEC was not
significantly different by season (P = 0.560, Figure 2D). When treatment groups were stratified
by season, there were no significant differencesin HDL CEC or plasma LCAT, PLTP, and

CETP activities between the SQ-LNS and IFA groups in either the wet or dry season (P > 0.05).
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Figure 2. Plasma enzyme activities and high-density lipoproteins (HDL) cholesterol efflux
capacity (CEC) by season (Dry: November - April and Wet: May - October) at 36 weeks
gestation. Plasma A) lecithin-cholesterol acyltransferase (LCAT) activity, B) cholesteryl ester
transfer protein (CETP) activity, C) phospholipid transfer protein (PLTP) activity, and D) HDL

CEC.**P <0.01, ***P < 0.001, NS = not significant.
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DISCUSSION

In this secondary outcome analysis, we explored for the first time whether HDL CEC and
plasma enzymes involved in HDL metabolism were altered by SQ-LNS supplementation at 36
weeks gestation of mothers enrolled in the iLINS-DYAD trial in Ghana. Our results demonstrate
that maternal supplementation with SQ-LNS from enrollment (<20 weeks) to 36 weeks

gestation did not significantly alter HDL CEC or plasma LCAT, PLTP, and CETP activities, and

none of these metrics were significantly associated with pregnancy and birth outcomes.

Both CEC and LCAT activity are measures of the ability of HDL to perform reverse
cholesterol transport, involved in the removal of excess cholesterol from the body. LCAT is
involved in the process of HDL maturation, in which cholesterol molecules are esterified and
sequestered in the core of the particle, thus enabling a higher total cholesterol carrying capacity
(21). Importantly, LCAT is also involved in anti-infectious function, as it is required for the
ability of HDL particles to bind lipopolysaccharide (22). Likewise, higher PLTP activity was
found to be associated with lower levels of LPS in plasma in card iac surgery patients, which
suggests PLTP is also involved in lipopolysaccharide elimination (23). By contrast, CETP is
inhibited in an infectious state (24), which has been suggested to prevent the deleterious removal
of HDL and to improve bacterial clearance (25). Together, LCAT, PLTP, and CETP activities
are associated with infection by decreasing PLTP activity and increasing both LCAT and CETP
activities which in turn can alter HDL metabolism (24,26). CETP can transfer cholesterol esters
formed by LCAT to triglyceride-rich lipoproteins, including very-low-density lipoproteins and
low-density lipoproteins, in exchange for triglycerides (27). Both the activities of CETP and
LCAT have been shown to increase during pregnancy, and both are associated with increased

concentrations of maternal plasma lipids (28,29). PLTP mediates the transfer of phospholipids
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from triglyceride-rich lipoproteins to HDL particles and its activity is critical in part for the
transfer of cholesterol from mother to fetus (30). It is possible that the lack of observed
differencesin HDL CEC and enzyme activities between the SQ-LNS and IFA groups is due to
the natural changes to lipoproteins during pregnancy which may have outweighed the possible

effects of SQ-LNS on these functional parameters.

We reported previously that HDL CEC of children at 18 mo of age assigned to the SQ-
LNS group was increased compared to children in the IFA group (17). ALA, an essential n-3
polyunsaturated fatty acid and one of the nutrients provided in the SQ-LNS, has been shown to
improve HDL CEC in vitro (31). In this cohort, at 36 weeks gestation the mothers had higher
ALA:docosahexaenoic acid (DHA) ratios in the SQ-LNS group compared with the IFA group,
but the median DHA concentration in plasma, as well as overall plasma fatty acids and lipid
concentrations, were not significantly different (32). The lack of difference in HDL CEC
between the SQ-LNS and IFA groups at 36 weeks gestation could be due to the lack of

difference in fatty acid profiles in the two groups, or due to other unknown factors.

The lack of association between HDL functional measures and birth outcomes was
somewhat surprising. Our group demonstrated that total HDL-C is positively associated with the
duration of gestation (15). Even so, HDL CEC is recognized as a better indicator of health risk
than HDL-C alone across many cohorts (33-35). Maternal plasma from preeclampsia patients
has increased CEC, but lower ATP Binding Cassette Subfamily A Member 1 (ABCA1)-
mediated CEC, compared to normotensive pregnant women, which the authors postulate as a
rescue mechanism in preeclampsia to mitigate lipid peroxidation (36). Low plasma CETP

activity at 36-38 weeks gestation is associated with giving birth to small-for-gestational-age
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infants but not associated with large-for-gestational-age infants (37). More studies are needed to

better understand the mechanisms by which HDL influences pregnancy and birth outcomes.

We found that plasma CETP and LCAT activities were positively correlated but were
both negatively correlated with PLTP activity, whereas CETP activity was additionally
negatively correlated with HDL CEC. LCAT activity was found to be negatively correlated with
concentrations of the inflammatory markers AGP and CRP at 36 weeks gestation, which is in
agreement with other observations of reduced LCAT activity during inflammation (24,26,38).
HDL CEC and plasma PLTP activity were positively correlated and this association was also
observed in participants with and without metabolic syndrome (39). Others have linked higher
PLTP activity with an improved ability of HDL to efflux cholesterol (40,41) through its ability to
stabilize and interact with ABCAL1 (41). Moreover, PLTP participates in the reverse cholesterol
transport pathway across the fetal placental barrier (42). By contrast, high PLTP activity has
been linked to inflammation, particularly in sepsis patients (24,26). These studies suggest that the
association between the enzymes involved in lipoprotein metabolism differ across health statuses
and further work is needed to clarify the relationship between HDL function and metabolism in
the context of pregnancy Longitudinal sampling throughout the course of pregnancy would be
particularly informative to understand how HDL metabolism changes during normal pregnancy
and in pregnancies where infection episodes or other events and environmental factors are

present.

We observed a positive association between hemoglobin levels and HDL CEC. Iron
deficiency induced in vitro contributes to reduced cholesterol efflux (43). Likewise, iron
metabolism in macrophages affects the expression of transporters involved in cholesterol efflux,

including ABCAL1 (44). By contrast, higher hemoglobin concentrations were associated with a
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higher proportion of smaller HDL particles, which increased the risk for cardiovascular disease
(45). Thus, more work is needed to elucidate the relationship between HDL particles and

hemoglobin during pregnancy.

We observed for the first time that both plasma CETP and LCAT activities were higher
among participants in the dry season at 36 weeks gestation, while PLTP activity was higher
during the wet season in this cohort of women in Ghana. We did not observe differences in AGP
and CRP levels or differences in the positive rate of malaria by season (data not shown), which
suggests that alterations in these enzymes were not influenced by inflammation. In Ghana, fish
constitutes 50-80% of animal protein consumed (46), and the fat content of fish is at its highest
during the dry season (November-May) compared to the wet season (June-September), whereas
the fat content is reported to be the lowest and the water content is highest during the wet season
(47). Furthermore, it has been reported that the availability of fish is increased from December —
February during the dry season, but most available from July-September in the wet season (48).
Thus, if fish consumption in this region is variable from the dry to the wet season, one plausible
explanation for higher plasma LCAT and CETP activities during the dry season is related to an
increase in the fat content of the diet, particularly the content of fat from fish intake. In the wet
season, there is higher consumption of vitamin A-rich fruits, including mangoes, and vitamin A-
rich dark leafy green vegetables among children in northern Ghana (49), which suggests that
seasonality can affect the availability of certain foods, influence nutrient status, and possibly
HDL metabolism. However, detailed dietary intake data was beyond the scope of this study and

the relationship between seasonal dietary patterns and HDL particles in Ghana needs to be

explored in future studies.
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One strength of this study is that we included a subset of participants with similar
characteristics among supplemental groups at baseline and 36 weeks. Thus, we were able to
minimize the influence of background characteristics among mothers and assess the sole effects
of SQ-LNS on HDL function and plasma enzymes involved in HDL metabolism. A limitation of
the study was the use of cross-sectional samples which restricts our ability to detect changes in

HDL function over time.

CONCLUSION

Our study revealed changes in enzymes involved in lipoprotein metabolism by season in
a subsample of pregnant women enrolled in the iLINS-DY AD trial in Ghana and that these
changes may be impacted by food availability, seasonal differences in the nutrient content of
commonly consumed foods, or other unknown factors that vary by season and that influence
HDL function and metabolism. By contrast, we did not observe differencesin HDL CEC or
plasma LCAT, PLTP, or CETP activities at 36 weeks gestation between mothers supplemented
with SQ-LNS vs. the IFA control, which suggests that seasonal environmental factors had a

stronger effect on HDL function and metabolism than the SQ-LNS supplement.
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ABSTRACT

High-density lipoproteins (HDL) play a critical role in cholesterol homeostasis.
Apolipoprotein E (APOE), particularly the E4 allele, is a significant risk factor for Alzheimer’s
disease but is also a key HDL-associated protein involved in lipid transport in both the periphery
and central nervous systems. The objective was to determine the influence of the APOE
genotype on HDL function and size in the context of Alzheimer’s disease. HDL from 194
participants (non-demented controls, mild cognitive impairment, and Alzheimer’s disease
dementia) were isolated from the plasma. The HDL cholesterol efflux capacity (CEC), lecithin-
cholesterol acyltransferase (LCAT) activity, and particle diameter were measured.
Neuropsychological test scores, clinical dementia rating, and magnetic resonance imaging scores
were used to determine if cognition is associated with HDL function and size. HDL CEC and
LCAT activity were reduced in APOE3E4 carriers compared to APOE3ES3 carriers, regardless of
diagnosis. In APOE3E3 carriers, CEC and LCAT activity were lower in patients. In APOE3E4
patients, the average particle size was lower. HDL LCAT activity and particle size were
positively correlated with the neuropsychological scores and negatively correlated with the
clinical dementia rating. We provide evidence for the first time of APOE genotype-specific
alterations in HDL particles in Alzheimer’s disease and an association between HDL function,
size, and cognitive function.

Keywords: Alzheimer’s disease; APOE; cholesterol efflux capacity; HDL; LCAT
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INTRODUCTION

Alzheimer’s disease is the leading cause of dementia and poses a considerable economic
and public health burden [1]. Alzheimer’s disease develops over the course of decades [2], and
drugs targeting late-stage processes once dementia and brain volume loss have set in may be “too
late”. There is an urgent need for effective, long-term treatments that target the underlying
pathophysiology of Alzheimer’s disease to prevent cognitive function loss and the onset of
dementia.

Increasing evidence suggests that high-density lipoprotein (HDL) particles, both in the
central nervous system (CNS) and in the periphery, are implicated in Alzheimer’s disease
pathology. Alzheimer’s disease patients typically have lower plasma HDL cholesterol
(HDL-C) and apolipoprotein-Al (ApoA-I) concentrations than controls [3,4], suggesting that a
lack of HDL is detrimental. HDL-C concentrations measured during midlife are negatively
correlated with the onset of late-life mild cognitive impairment (MCI) and dementia [5],
suggesting that HDL are protective. However, the functional capacity of HDL is a stronger
predictor of disease risk than HDL-C concentrations, since the measurement of HDL-C does not
encompass the complex, destructive changes to HDL particles that can occur in disease states
and in aging [6,7]. The main function of HDL particles is to mediate reverse cholesterol
transport, though they perform numerous additional protective functions, including reducing
inflammation, promoting endothelial function, and antioxidant effects, among others [8].

Although ApoA-I1 is not expressed in the CNS, the peripheral overexpression of human
ApoA-I preserves cognitive function, reduces neuroinflammation, and protects mice from
cerebral amyloid angiopathy [9], suggesting a role for peripheral HDL in the clearance

of brain amyloid beta (AP). In a small study of 39 Alzheimer’s disease patients and 20 healthy
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participants (unknown APOE genotype), HDL isolated from plasma showed a diminished HDL
cholesterol efflux capacity (CEC) and lecithin-cholesterol acyltransferase (LCAT) activity—the
enzyme responsible forincreasing the HDL cholesterol carrying capacity—and the level of
LCAT activity was negatively correlated with the cognitive score [10]. Together, these studies
suggest that circulating HDL is involved in the pathology of Alzheimer’s disease. However, the
relationship between the peripheral HDL functional capacity and Alzheimer’s disease has not
been fully investigated in a larger cohort of Alzheimer’s disease patients, and the effects of the
APOE genotype on this relationship have not been investigated.

In the current study, we determined whether HDL CEC and LCAT activity are altered
in a large APOE genotyped cohort of elderly participants clinically diagnosed as either non-
demented, MCI, or Alzheimer’s disease dementia (AD). We also determined whether the HDL
particle size, which is closely related to the HDL function, was altered in the same cohort. We
further explored whether the HDL functional metrics and particle size were associated with the
participants’ cognitive, functional, and imaging scores.
MATERIALS AND METHODS
Participants

This study used plasma samples collected from the University of California, Davis
Alzheimer’s Disease Research Center (ADRC) Biorepository. The ADRC biorepository is
nationally recognized for recruiting an ethnically diverse clinic-based and community based
elderly cohort [11]. We aimed to select 200 samples from the ADRC biorepository to
include non-demented (controls), MCI, and AD patients, with each diagnosis group having
as close as possible to equal numbers of participants with the APOE3E3 and APOE3E4

genotypes and with each genotype X diagnosis group having as close as possible to equal
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numbers of the sexes (males and females), with equal average ages. Only participants with
an adequate sample volume available (500 pL) and body mass index (BMI) not greater
than 40 kg/m2 were included. Participants were diagnosed following the ADRC criteria
for a clinical diagnosis within one year of a blood draw, as previously described [12].
Dementia patients were included in the AD group if their etiologic diagnosis was classified
as “probable” or “possible” AD. Five patients in the AD group had an etiologic diagnosis
of frontotemporal dementia. Removing these patients did not change the overall findings;
thus, they were included in the analysis. Samples from a total of 194 participants met the
above criteria and were included in the final analysis. The study was approved by the
Institutional Review Board of the University of California, Davis.
HDL Isolation Method

HDL particles from plasma were isolated by two-step sequential flotation
densityultracentrifugation, followed by size exclusion chromatography, to yield highly purified
HDL fractions, as previously described [13]. Following the manufacturer’s instructions, the total
HDL protein was measured using a Micro BCA protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA, catalog 23235).
Cholesterol Efflux Capacity

HDL cholesterol efflux was measured using a commercially available kit (Abcam,
Cambridge, UK, catalog ab19685) with modifications, as previously described [14]. J774A.1
(ATCC, Manassas, VA, USA, catalog TIB-67) were seeded at 100,000 cells in 96-well plates
for 4 h in Dulbecco’s Modified Eagle’s Medium containing 10% fetal bovine serum and 100
pg/mL penicillin and streptomycin. The cells were washed and labeled with fluorescent

cholesterol, acyl-coenzyme A:cholesterol acyltransferase inhibitor, and cyclic adenosine
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monophosphate for 4 h, followed by wash and incubation with 10 pug of HDL protein for another
4 h. The cellular supernatant was removed, and the remaining cells were lysed with M-PER cell
lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA, catalog 78505). The supernatant and
lysed fraction fluorescence were measured at 482/515 nm (emission/excitation) on a Synergy H1
plate reader (BioTek, Winooski, VT, USA). To account for the inter-plate variability, CEC
values were normalized, with the CEC value of HDL isolated from pooled plasma collected from
healthy volunteers on each plate to calculate a final CEC Index, as previously described [15].
LCAT Activity

A commercially available kit was used to measure the LCAT activity (Roar Biomedical,
Millipore Sigma, Burlington, MA, USA, catalog mak107) in 5 pg of HDL (measured by the
total protein) following the manufacturer’s instructions. Measurements were collected on a
Synergy H1 plate reader (BioTek, Winooski, VT, USA) and read at 340-nm excitation and two
emission wavelengths at 390 nm and 470 nm, representing the hydrolyzed and intact substrate,
respectively. Higher LCAT activity is indicated as increased Aem390/Aem470 nm ratios.
HDL Particle Size

The HDL particle size was assessed using negative-stained transmission electron
microscopy (TEM) based on the published methods [16], in which over 3000 particles were
imaged and sized from each individual participant sample. A schematic workflow of
the particle size measurements by TEM is presented in Supplementary Figure S1. Briefly,
isolated HDL samples were diluted to 30—100 pug/mL HDL protein concentrations with
deionized water. A diluted HDL sample (4 pL) was loaded onto glow-discharged carboncoated
grids (TedPella Inc., Redding, CA, USA) and left for sample attachment for 1 min. Extra sample

was removed using filter paper. Uranyl formate solution (2%, pH 7.4) was then added onto the
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grid and removed 5 times to achieve negative staining. Negatively stained sample grids were
then air-dried for 5 min and loaded onto a specimen holder for TEM, according to the
manufacturer’s user manual (JEOL USA 1230 Transmission Electron Microscope, JEOL USA
Inc., Peabody, MA, USA). Samples were viewed under the TEM using high tension = 100 kv
and 40,000x magnification. Micrograph images were taken at random locations using an
attached CCD camera (model) with an exposure time of 300 ms.

The software ImageJ [17] was used to characterize the HDL particle size from the TEM
micrographs, following a previously published procedure [13], with minor modifications:
Noise in the micrographs was first removed using the “Bandpass Filter” function, with
“filter large = 100, filter small = 10, suppress = None, and tolerance = 5 autoscale saturate”
parameters. The contrast of the cleaned micrograph was then set to “min = 50, max = 205”.
The threshold of the micrographs was then set using a premade “Intermodes dark™ option. The
particle area was then analyzed using the “Analyze Particles” function with “size = 20—7850,
circularity = 0.30-1.00, display, exclude, include, and add” parameters. Particles that were
captured by the function were then outlined onto the original TEM micrograph and were checked
manually foraccuracy.

Cognitive Function Analysis

The Spanish English Neuropsychological Assessment Scales (SENAS) evaluated
participants’ neuropsychological functional assessments, as previously described and validated
elsewhere [18,19]. This study uses the SENAS cognitive domains: verbal memory, executive
function, spatial, and semantic memory.

The Clinical Dementia Rating Scale (CDR) is a semi-structured interview administered

by a clinician as a global measure of independent function [20]. Six cognitive domains

99



in memory, orientation, judgment and problem-solving, community affairs, home and
hobbies, and personal care were assessed. The combination of the scores obtained (“sum of
boxes”) was used for analysis.

The white matter hyperintensities (WMH) measurements were acquired by magnetic
resonance imaging (MRI), as previously described [21,22]. The total cranial volume was
used to normalize the head size differences among participants.

Statistical Analysis

Data analyses were conducted using statistical software R version 4.1.1. (R Project for
Statistical Computing, Vienna, Austria). Differences in the HDL functional metrics and
particle sizes between AD patients, MCI patients, and controls were tested with one-way
ANOVA. The null hypothesis of no difference between groups was rejected if p <0.05. A
post hoc Tukey’s HSD was conducted for pairwise comparisons between groups when
a significant difference was observed. For two group comparisons, a two-sample t-test
assuming equal variance was used. For all pairwise comparisons, significance values were
reported with p < 0.05. Statistically significant findings are indicated as shown: * p < 0.05,
**p <0.01, *** p <0.001, and **** p < 0.0001. The distribution of the outcome variables
and key baseline variables was inspected for normality using the Shapiro—Wilks test. The
homogeneity of the variance was examined using Levene’s test. Kruskal-Wallis tests were
performed on non-normally distributed data between more than two groups. A chi-squared
(x2) test was used to compare the categorical variables.

To examine the association between HDL functional metrics and particle size with

cognitive, functional, or MRI assessments, a correlation analysis, adjusting for the APOE
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genotype, was conducted across all diagnoses using Spearman’s correlation. For Spearman’s
correlation, the rho (r) values and 95% confidence intervals were reported.

We performed complete case analyses to describe the participant characteristics, HDL
functional metrics, and particle size and to assess the association between HDL function and
size with cognitive, functional, and MRI assessments. For the HDL particle size analysis,
one out of the total of 194 samples was removed due to an insufficient number of total
particles on the TEM slide at the time of analysis.

RESULTS
Participant Characteristics

Details of the participant characteristics and clinical parameters are summarized in
Table 1. There were no significant differences observed in the ratio of male to female
(x2(2) =4.10, p = 0.129), proportion of ethnicity (¥2(6) = 10.97, p = 0.089), body mass index
(BMI) (F(2, 181) = 2.00, p = 0.138), or higher history of hypertension (¥2(2) = 1.56, p = 0.459)
among the diagnoses, and these characteristics were not significantly different between
groups when stratified by the APOE genotype. One-way ANOVA revealed a significant
difference in age (F(2, 191) = 4.82, p = 0.009), with significantly younger participants in the
control group than the AD group (mean = SD age, 75.5+ 7.0y vs. 789+ 7.2y, p = 0.008)
but not significantly younger than the MCI group (78.0 £ 7.0 y, p = 0.153). When the
groups were stratified by the APOE genotype, one-way ANOVA revealed that none of
the age differences among the diagnoses were significantly different withinthe APOE3E3
group (F(2, 100) = 2.55, p = 0.080) or the APOE3E4 group (F(2, 88) = 2.28, p = 0.108).
There was a significant difference in the prevalence of diabetes at the sample collection

(x2(2) = 22.94, p <0.001) and history of diabetes (x2(2) = 28.50, p < 0.001) among the groups,
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with both of these characteristics being higher in the control participants (34% and 39%,
respectively) compared to MCI patients (7.9% and 10%, respectively) and AD patients

(4.9% and 5.6%, respectively). When stratified by the APOE genotype, the prevalence of
diabetes at the sample collection was significantly different among the APOES3ES3 carriers (x2(2)
=19.30, p < 0.001) but not in the APOE3EA4 carriers (32(2) = 5.64, p = 0.060). Post hoc
comparisons in the APOE3E3 carriers revealed that diabetes during sample collection was higher
in the controls (39%) compared with MCI (9.5%) and AD (0%) patients. A history of
hypercholesterolemia was significantly different among the diagnoses (32(2) = 6.70, p = 0.035),
with a higher history of hypercholesterolemia in the controls compared with AD (74% vs. 54%).
When stratified by the APOE genotype, a history of hypercholesterolemia was significantly
different among the APOE3E4 carriers (¥2(2) = 8.52, p = 0.014) but not in the APOE3ES3 carriers
(x2(2) =2.21, p = 0.331). A post hoc comparison revealed that the APOE3EA4 controls had a
significantly higher history of hypercholesterolemia (87%) than both APOE3E4 MCI (56%) and

AD (62%) patients.
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Table 1. Participant characteristics.

Control MCI AD F(df, dferror) P value
or
7°(df)
N, combined 83 40 71 n/a n/a
APOE3E3 44 22 37 n/a n/a
APOE3E4 39 18 34 n/a n/a
Sex proportion, (male/female), combined 35:48 23:17 27:44 1(2)=4.10 0.129
APOE3E3 18:26 12:10 15:22 ¥(2)=1.34 0.511
APOE3E4 17:22 11:7 12:22 v(2)=3.18 0.203
. 755+7.0 78.0+£7.0 789%7.2 F(2,191)=4.82 0.009?
Age, years, mean+ SD, (n),combined (83) (40) (71)
75.9+7.0 78.6+7.7 79.7+84 F(2,100)=2.55 0.080
APOE3E3 (44) (22) (37)
75.0+7.1 77.3+6.2 78.1+57 F(2,88)=2.28 0.108
APOE3E4 (39) (18) (34)
2 . 28.1+46 27.1+42 26.6+4.6 F(2,181)=2.00 0.138
BMI, kg/m*, mean+ SD, (n),combined (81) (39) (64)
28.6+45 27.8+5.1 26.2+4.7 F(2,93)=2.49 0.089
APOE3E3 (43) (21) (32)
275+46 26.3+2.7 27.0+x49 F(2,85)=0.42 0.658
APOE3E4 (38) (18) (32)
Ethnicity proportion, 18:2:1944 4:1:4:31 7:1:11:52  %%(6)=10.97 0.089
(African American/Asian/Hispanic/White), combined , "
. i . 34% 7.9% 4.9% v’(2)=22.94 <0.001%°
Diabetes at sample collection, %, (n), combined (76) (38) (61)
39% 9.5% 0% v*(2) =19.30 <0.001%°
APOE3E3 (41) 1) (32) 2
29% 5.9% 10% v*(2)=5.64 0.060
APOE3E4 (35) (17) (29)
. . . 39% 10% 5.6% ¥*(2) =28.50 <0.001%¢
History of diabetes, %, (n), combined (83) (39) (71) 2 )
39% 14% 0% x(2)=19.51 <0.001%°
APOE3E3 (44) 1) (37)
38% 5.6% 12% v*(2)=8.52 0.014%°
APOE3E4 (39) (18) (34) i .
: . : 74% 60% 54% v*(2)=6.70 0.035
0,
History of hypercholesterolemia, %, (n), combined (81) (40) (70)
62% 64% 47% ¥(2)=2.21 0.331
APOE3E3 (42) (22) (36) 2 )
87% 56% 62% v*(2)=8.52 0.014%°
APOE3E4 (39) (18) (34)
. . . 72% 65% 76% $(2)=1.56 0.459
History of hypertension, %, (n), combined (83) (40) (71) 2
75% 77% 76% v*(2)=0.04 0.980
APOE3E3 (4) (22) (37) 2
69% 50% 76% 1 (2)=3.84 0.147
APOE3E4 (39) (18) (34)

Abbreviations: BMI = body massindex. ANOVA were performed for continuous variables (age and bmi), and chi-
squared (x2) were performed forcategorical variables (sex proportion, ethnicity proportion, diabetesatsample
collection, history of diabetes, history of hypercholesterolemia, and history of hypertension). If significance is
reached by ANOVA or y2, Tukey’s or Bonferroni post hoc comparison was carried out, respectively.

aSignificance across all three groups.

bSignificance between control compared with AD.

¢Significance between control compared with MCI.
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HDL CEC Index and LCAT Activity Differences

Mean = SD CEC index and LCAT activity is shown in Table 2. When participants were
not stratified by APOE genotype there was no significant difference in HDL CEC index between
control, MCI, and AD participants by one-way ANOVA (1.10£ 0.16, 1.06 £0.14, and 1.12 +
0.14, F(2, 191) = 2.14, p = 0.120, Fig. 1A). A one-way ANOVA revealed that there was a
significant difference in HDL LCAT activity between at least two groups (F(2, 191) =3.87,p =
0.023). Post hoc comparisons indicate HDL LCAT activity was significantly higher in the
control group versus MCI (1.05 + 0.09 vs 1.01 + 0.07, p = 0.030), but not significantly higher
than the AD group (1.03 £ 0.07, p = 0.118, Fig. 1B). There were no significant differencesin
LCAT activity between MCI and AD (p = 0.661). The CEC index (1.06 £ 0.16 vs 1.13 £ 0.14,
t(192) = 3.00, p = 0.003) and LCAT activity (1.01 + 0.07 vs 1.05 + 0.08, t(192) = 3.53, p <
0.001) were significantly lower in the APOE3EA4 carriers relative to APOE3E3 carriers (Fig.

1CD).
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Table 2. Comparison of HDL CEC index, LCAT activity, and particle size across

diagnoses.
Group ANOVA Post hoc comparison
p value
Control MCI AD F df df P Control | Control MCI
error | value | versus versus | Versus
MCI AD AD
CEC Index
APOE3E3+ .10 + .06 £ .12 £ 2.14 2 191 0.120 - - -
APOE3E4 0.16 0.14 0.14
APOE3E3 .16 + .07 + I+ 3.26 2 100 0.042 0.042 0.246 0.551
0.13 0.13 0.15
APOE3E4 1.02 + .03 + .12+ 4.38 2 88 0.015 0.964 0.016 0.114
0.16 0.14 0.14
LCAT Activity (390/470 nm)
APOE3E3+ .05+ 1.0l + .03 £ 3.87 2 191 0.023 0.030 0.118 0.661
APOE3E4 0.09 0.07 0.07
APOE3E3 .09 £ .03 £ .03 £ 7.00 2 100 0.001 0.012 0.004 0.995
0.09 0.08 0.07
APOE3E4 1.0l £ 1.00 + .02 £ 091 2 88 0410 - - -
0.07 0.06 0.07
HDL Particle Diameter (nm)
APOE3E3+ | 9.06 + 8.67 £ 8.6l % 9.70 2 190 [ <0.001 0.008 <0.001 0.901
APOE3E4 0.69 0.63 0.68
APOE3E3 8.99 8.79 872+ .40 2 99 0.252 - - -
0.85 0.58 0.64
APOE3E4 9.15 % 853+ 8.50 £ 13.04| 2 88 <0.001 0.001 <0.001 0.985
0.42 0.67 0.70

ANOVA were performed to compare group differences. If significance is reached by ANOVA, Tukey’s posthoc
comparison was carried out. Values are represented as mean + standard deviation.
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Figure 1. APOE3E4 carriers have reduced HDL CEC index and LCAT activity. HDL (A) CEC
index and (B) LCAT activity by diagnosis. One-way ANOV A followed by Tukey’s multiple
comparison tests was used. Decrease of (C) CEC index and (D) LCAT activity in the APOE3E4
genotype using two-sample t-tests. * p < 0.05, ** p < 0.01, and *** p < 0.001. Abbreviations:
AD = Alzheimer’s disease dementia, CEC = cholesterol efflux capacity, HDL = high-density

lipoproteins, LCAT = lecithin-cholesterol acyltransferase, MCI = mild cognitive impairment.
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When participants were stratified by APOE genotype, one-way ANOVA showed a
significant difference in HDL CEC index between at least two groups within APOE3ES3 carriers
(F(2, 100) = 3.26, p = 0.042) and APOE3E4 carriers (F(2, 88) = 4.38, p =0.015). In the
APOE3E3 group, post hoc comparison showed HDL CEC index was lower in MCI patients
relative to controls (1.07 £ 0.13 vs 1.16 + 0.13, P = 0.042, Fig. 2A), but not in AD patients (1.11
+ 0.15) versus controls (p = 0.246). There was no significant difference in HDL CEC index
between MCI and AD patients (p = 0.551). For APOE3EA4 carriers, AD patients displayed a
higher HDL CEC index relative to controls (1.12 + 0.14 vs 1.02 £ 0.16, p = 0.016, Fig. 2B), and
a trend toward higher efflux in AD versus MCI patients (1.12 £ 0.14 vs 1.03 £ 0.14, p = 0.114).
There was no significant difference in HDL CEC index between controls and MCI patients (p =
0.964).

In APOE3E3 carriers, there was a significant difference in HDL LCAT activity between
at least two groups by one-way ANOVA (F(2, 100) = 7.00, p = 0.001). Post hoc comparisons
indicate HDL LCAT activity was reduced in MCI patients relative to controls (1.03 £ 0.08 vs
1.09 £ 0.09, p = 0.012, Fig. 2C) and reduced in AD patients versus controls (1.03 + 0.07 vs 1.09
+ 0.09, p = 0.004), with no difference between MCI and AD patients (p = 0.995). When we
compared across diagnosis groups within the APOE3EA4 carriers, there was no significant

difference in LCAT activity by one-way ANOVA (F(2, 88) = 0.91, P = 0.410, Fig. 2D).
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Figure 2. APOE-specific alteration in the HDL CEC index and LCAT activity amongst the
control, MCI, and AD participants. The HDL CEC index within the (A) APOE3E3 and (B)
APOE3E4 carriers by diagnosis. Decrease of LCAT activity in (C) APOE3E3 patients but not

(D) APOE3EA4 patients. One-way ANOV A followed by Tukey’s multiple comparison tests was

used.* p <0.05and ** p <0.01. Abbreviations: AD = Alzheimer’s disease dementia, CEC =
cholesterol efflux capacity, HDL = highdensity lipoproteins, LCAT = lecithin-cholesterol

acyltransferase, MCI = mild cognitive impairment.
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HDL CEC index and LCAT activity were positively correlated in APOE3ES3 carriers (r =
0.43, 95% CI (0.26, 0.58), p < 0.001, Supplementary Figure S2A), whereas no correlation was
observed in APOE3E4 carriers (r = 0.16, 95% CI (-0.04, 0.37), p = 0.136). When participants
were analyzed together regardless of diagnosis or APOE genotype, HDL LCAT activity and
CEC index were positively correlated (r = 0.34, 95% CI (0.21, 0.47), p < 0.001, Supplementary
Figure. S2B) and remained correlated after adjusting for APOE genotype (r = 0.31, 95% ClI
(0.17, 0.42], p < 0.001).
HDL Particle Size Differences

The mean + SD HDL particle size is shown in Table 2. Without stratification for the
APOE genotype, one-way ANOVA revealed a significant difference in at least two groups
(F(2,190) = 9.70, p <0.001). Post hoc comparisons showed that the HDL particle sizes in the
control group were significantly larger than the MCI (9.06 £ 0.69 nm vs. 8.67 £ 0.63 nm,
p = 0.008) and the AD group (8.61 £ 0.68 nm, p < 0.001, Figure 3A). When stratified by
the APOE genotype, there were no significant differences among the control, MCI, and AD
groups in the APOE3ES3 carriers by one-way ANOVA (8.99 +0.85 nm, 8.79 £ 0.58 nm, and 8.72
+ 0.64 nm, respectively, F(2,99) = 1.40, p = 0.252, Figure 3B). Inthe APOE3EA4 carriers, there
was a significant difference in HDL particle sizes between at least two groups (F(2, 88) = 13.04,
p < 0.001). Post hoc comparisons indicate that the HDL particle size in the control group was
larger than the MCI (9.15 + 0.42 nmvs. 8.53 £0.67 nm, p = 0.001) and the AD group (8.50 %
0.70 nm, p < 0.001, Figure 3C). There was no significant difference in the HDL particle size
between APOE3E3 and APOE3E4 carriers when the diagnosis was not taken into account (8.85

+0.73nmvs. 8.78 £0.66 nm, t(191) = 0.64, p = 0.520).
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Figure 3. High-density lipoproteins particle size is reduced in MCI and AD patients. Mean
particle diameter (nm) between (A) the controls, mild cognitive impairment (MCI), and
Alzheimer’s disease dementia (AD) patients and controls, MCI, and AD patients stratified by the
(B) APOE3E3 and (C) APOE3E4 genotypes. One-way ANOV A followed by Tukey’s multiple

comparison tests was used. ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Correlation between HDL Function, Size, and Cognitive Measures

Details of the participants’ cognitive, functional, and imaging scores are summarized in
Table 3. As expected, and by definition, the cognitive, functional, and imaging scores, were
significantly differently among the diagnosis groups. The LCAT activity was positively
associated with the verbal memory score (r = 0.17, 95% CI (0.01, 0.33), p = 0.037) and
negatively associated with the CDR (r = -0.20, 95% CI (-0.37, -0.03), p = 0.019) and both the
verbal memory score (r =0.18, 95% CI (0.01, 0.33), p = 0.033) and CDR (r = -0.20, 95% CI (-
0.35, -0.02), p = 0.025) remained statistically significant after adjusting for the APOE genotype
(Table 4). None of the measured cognitive, functional, and imaging scores were significantly
correlated with the CEC index. The particle size was positively correlated with the verbal
memory score (r = 0.31, 95% CI (0.15, 0.45), p < 0.001) and executive function score (r = 0.21,
95% CI (0.04, 0.36), p = 0.013) and was negatively correlated with both the CDR (r = -0.31,
95% Cl (-0.46, -0.14), p < 0.001) and WMH (r = -0.17, 95% (-0.33, 0.00), p = 0.049). The HDL
particle size correlation with the verbal memory score (r = 0.31, 95% CI (0.15, 0.45), p < 0.001),
executive function score (r = 0.21, 95% CI (0.05, 0.34), p =0.007), and CDR (r =-0.31, 95% ClI
(-0.45, -0.14), p < 0.001) remained statistically significant after adjusting for the APOE genotype
but not the correlation with WMH (r = -0.17, 95% (-0.32, 0.02), p = 0.053, Table 4). Regardless
of the APOE genotype or diagnosis status, particle size was not correlated with the CEC index (r
=-0.03, 95% CI (-0.17, 0.12), p = 0.685) or LCAT activity (r =0.02, 95% CI (-0.12, 0.17), p =

0.761).
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Table 3. Cognitive, functional, and MRI imaging score across diagnoses.

Variable Group Kruskal-Wallis test
Control MCI AD P df P
N =83 N =40 N=71 value
Cognitive® Verbal memoryscore, 0.24[-0.39,0.67] -0.97[-1.37,-0.73]  -1.41[-1.90,-1.06] 87.72 2 <0.001
median [25" 75", (n) (69) (35) (40)
Executive functionscore, -0.03[-0.27,0.44] -0.37[-0.60,-0.07] -0.96 [-1.52,-0.55]  54.29 2 <0.001
median [25™ 75", (n) (68) (35) (44)
Semantic memory score, 0.50[-0.08,0.91] 0.23[-0.12,0.66] -0.50[-1.01,0.17]  32.95 2 <0.001
median [25", 75", (n) (68) (35) (43)
Spatial score, 0.42[-0.18,083]  0.14[-021,048]  -0.86[-1.36,-0.05]  32.09 2 <0.001
Median [25",75"], (n) (67) (35) (37)
Functional®  CDR sum of boxes, 0.00[0.00,0.50] 3.00[1.50,3.50] 5.00[3.38,7.00] 94.79 2 <0.001
median [25", 75", (n) (59) (33) (40)
Imaging® White matter 0.00[0.00,0.01] 0.01[0.01,0.02] 0.01[0.00,0.01]  18.27 2 <0.001
hyperintensities volume, (65) (33) (40)

median [25", 75", (n)

aWhite matter hyperintensities volume was normalized to total intracranialvolume.
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Table 4. Correlation analysis across diagnoses adjusting for APOE genotype between HDL

function and size with either cognitive, functional, and imaging scores.

Cognitive Functional Imaging?®
Verbal Executive Semantic Spatial score CDR sum of White matter
Characteristic memory function score memory score boxes hyperintensities volume

score

N 144 147 146 139 132 138
CEC Index
r 0.018 0.013 -0.100 -0.010 0.035 0.123
95% ClI (-0.15,0.19) (-0.15,0.18) (-0.26,0.07) (-0.27,0.07) (-0.14,0.21) (-0.05,0.29)
P value 0.826 0.877 0.234 0.245 0.693 0.149
Adjusted®r 0.019 0.030 -0.071 -0.083 0.050 0.121
Adjusted®95% ClI (-0.14,0.19) (-0.15,0.19) (-0.23,0.09) (-0.24,0.08) (-0.12,0.23) (-0.04,0.29)
Adjusted®P value 0.824 0.720 0.397 0.334 0.571 0.160
LCAT Activity (390/470 nm)
r 0.174 0.134 -0.125 -0.095 -0.203 -0.050
95%Cl (0.01,0.33) (-0.03,0.29) (-0.29,0.04) (-0.26,0.08) (-0.37,-0.03) (-0.22,0.12)
P value 0.037 0.105 0.132 0.265 0.019 0.562
Adjusted®r 0.178 0.151 -0.100 -0.079 -0.196 -0.057
Adjusted®95% Cl (0.01,0.33) (-0.02,0.29) (-0.27,0.07) (-0.26,0.07) (-0.35,-0.02) (-0.21,0.10)
Adjusted®P value 0.033 0.069 0.231 0.358 0.025 0.512
Particle Size (nm)

r 0.329 0.226 0.080 0.058 -0.372 -0.153
95% Cl (0.17,0.48) (0.06,0.38) (-0.09,0.25) (-0.12,0.23) (-0.52,-0.21) (-0.32,0.02)
P value <0.001 0.008 0.351 0.511 <0.001 0.08
Adjusted®r 0.329 0.226 0.083 0.060 -0.372 -0.157
Adjusted®95% ClI (0.17,0.47) (0.08,0.37) (-0.07,0.24) (-0.12,0.23) (-0.51,-0.22) (-0.32,0.02)
Adjusted® P value <0.001 0.007 0.336 0.500 <0.001 0.074

Spearman’s correlation coefficients (R) of CEC index and LCAT activity with cognitive and magnetic resonance
imaging assessments across diagnoses (control, MCI, and AD).

aWhite matter hyperintensities volume were normalized to totalintracranialvolume.

bAdjusted for APOE genotype.
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DISCUSSION

It is becoming increasingly apparent that disruption in the cholesterol metabolism can
influence Alzheimer’s disease pathology [23], and HDL particles have a critical role in
maintaining the metabolic and homeostatic processes of regulating cellular cholesterol
concentrations. HDL particles in the circulation have been recognized for their potential
involvement in Alzheimer’s disease, and the current evidence has linked peripheral HDL to
cerebrovascular health and Alzheimer’s disease [6]. However, HDL-C alone is a poor indicator
of the disease risk [24], whereas the functionality of the HDL particles may be a better indicator
of disease risk, with CEC emerging as useful in identifying individuals at risk for cardiovascular
disease across multiple cohorts [25-27]. Here, our study revealed APOE genotype-specific
alterations in peripheral HDL CEC and LCAT activity, two critical functional metrics in the

reverse cholesterol transport pathway.

Limited studies have measured HDL CEC and, to a much lesser degree, LCAT activity in
Alzheimer’s disease patients. Khalil et al. [10] found impairment in the peripheral HDL CEC and
LCAT activity in 39 Alzheimer’s disease patients compared to 20 healthy controls, but the
APOE genotype was not assessed. Both Yassine et al. [28] and Marchi et al. [29] reported a
reduction in cerebrospinal fluid-mediated CEC in Alzheimer’s disease patients. Such findings
suggest a global decrease in the ability to efflux and remove excess cholesterol in Alzheimer’s
disease. However, in our study of APOE genotyped controls, as well as MCI and AD patients,
we did not find statistically significant alterations in peripheral HDL CEC in the MCI or AD
patients without stratifying for the APOE genotype. To our knowledge, we report for the first
time that both the CEC and LCAT activity are overall lower in APOE3E4 carriers compared to

APOE3ES3 carriers regardless of the AD diagnosis, highlighting the importance of the APOE
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genotype in the ability to efflux and transport cholesterol. APOE3E3 MCI and AD patients
exhibited lower LCAT activity, and APOE3E3 MCI patients had significantly lower HDL CEC

than the controls, while the HDL particles of APOE3E3 AD patients exhibited a wider

variability, and thus, the decrease in HDL CEC did not reach statistical significance.

On the other hand, paradoxically, APOE3E4 AD patients had higher HDL CEC than the
controls. There are three plausible explanations for this observation. First, given the fact that
APOEA4 carriers are known to be at a higher risk for the earlier onset of dementia [30,31], it is
possible that the APOE3E4 carriers have higher HDL CEC as a positive compensatory response
to a poorer efflux capacity over the entire lifetime. Second, APOE3E4 AD patients had a lower
prevalence of metabolic disease (diabetes or hypercholesterolemia), which is known to be linked
with poorer HDL function [32,33]. Third, we observed that APOE3E4 AD patients have more
small HDL particles, and because we standardized the quantity of HDL used in the efflux
experiment based on the HDL protein content, it is likely that a higher number of total HDL
particles was applied to the assay compared to controls. Thus, the observed increase in HDL
CEC in APOE3E4 AD patients may simply be an observation of more total particles being able
to efflux more total cholesterol rather than an actual higher cholesterol efflux capacity per
particle. Most experiments measuring HDL CEC do so with apolipoprotein-B (ApoB)
precipitated plasma and therefore apply the HDL dose as a percentage by volume in the cell
media [25,34]. With this approach, there would also be a higher number of smaller particles
applied to the assay if there were more total particles in the plasma. Inour study, we isolated and
purified HDL particles from plasma and applied equal amounts of HDL as the total protein. The
disadvantage of measuring CEC in ApoB precipitated plasma is that this is not a direct

measurement of the CEC of the HDL particles per se but of everything that remains in the

115



plasma compartment after the ApoB-containing particles have been removed, thusthe CEC
measurement includes proteins and other components in plasma that could influence the ability
to efflux cholesterol. The advantage of our approach is that we are measuring the CEC of the
HDL particles themselves, rather than a combination of factors. One limitation of our approach
for measuring the particle size by TEM is that this method does not capture all the particles in
plasma and therefore does not enable quantification of the total HDL particle number. Inthe
future, as methods become available to determine the particle count while simultaneously
isolating HDL particles, the CEC assay can be dosed by equal particle number to compare the
CEC on a per particle basis. Further studies are also needed to determine whether there are
differences in the total particle numbers and particle size distributions in MCI and AD patients
by the APOE genotype and to determine the HDL function and size in the other APOE genotypes

(i.e., APOE3E2, APOE4E4, APOE4E2, and APOE2E?2).

We did not find statistically significant differences in LCAT activity among the
APOE3E4 carriers. We observed overall lower LCAT activity in APOE3E4 vs. APOE3E3
carriers; thus, the lack of difference in LCAT activity among the APOE3E4 carriers may be due
to the fact that all individuals who are carriers of APOE4 may already have diminished LCAT
activity compared to non-APOE4 carriers, and this reduction is not further enhanced in patients
with dementia compared to the controls. Furthermore, the LCAT abundance in HDL was not
measured. Thus, changes in the LCAT activity may be due to a lower abundance of LCAT

protein in APOEA4 carriers, which could reflect overall lower LCAT activity.

The HDL size reflects the remodeling stage of HDL and is highly associated with the
HDL composition and function. For example, it has been documented that certain HDL-

associated proteins are either exclusively associated with or enriched in certain size-based HDL
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subclasses [13,35]. Notably, ApoE tends to associate exclusively with larger HDL particles [13].
Smaller HDL particle sizes are also associated with metabolic syndrome and chronic kidney
disease [36]. We found that the HDL particle size was significantly smaller in AD and MCI
patients compared to the controls overall and in the APOE3EA4 carriers but not in the APOE3E3
carriers. Future studies are needed to better understand the relationships between the overall
metabolic status and HDL particle structure and function in the context of Alzheimer’s disease

and the APOE genotype.

Notably, we observed that HDL LCAT activity and particle size were positively
correlated with the verbal memory score and negatively correlated with CDR, while the HDL
particle size was additionally positively correlated with the executive function. Together, these
findings suggest that disturbances in the HDL structure and function are associated with
cognitive function and may be involved in Alzheimer’s disease pathology. In elderly
participants, verbal memory and expression strongly predict the progression from normal
cognitive function to MCI before the appearance of clinical symptoms [37]. Subtle changes in
the functional measurements in participants with higher CDR scores are associated with an

increased risk of converting from normal cognition to MCI [38].

Although it is not yet clear whether and how peripheral HDL particles cross the blood—
brain barrier, studies have found high correlations between plasma and cerebrospinal fluid
concentrations of HDL-associated apoproteins that are known not to be expressed in the CNS
[39,40]. Additionally, the peripheral overexpression of human ApoA-I improved the cognitive
function, reduced neuroinflammation, and protected mice from cerebral amyloid angiopathy [9].
Future studies are needed to understand the mechanisms by which peripheral HDL particles

and/or their components affect the brain.
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The study’s strengths include the measure of two critical functions of HDL in the reverse
cholesterol transport pathway and the measurement of the HDL particle size by TEM in HDL
from plasma samples obtained from a large multi-ethnic cohort of APOEgenotyped, well
characterized, clinically diagnosed, and/or pathologically confirmed elderly participants from the
UC Davis ADRC biorepository. To our knowledge, we provide evidence for the first time of an
APOE genotype-dependent difference in HDL functional capacity, size, and dementia and also
an association between HDL functional capacity, size, and cognitive function. However, the use
of cross-sectional samples limits our ability to detect changes in HDL function and size across
the continuum of Alzheimer’s disease and changes in these parameters over time. Furthermore,
in this study, HDL CEC was measured using the J774A.1 cell line. Future studies measuring the
CEC using neuronal cells, such as neuroblastoma (SK-N-SK) cells, microglia, and other brain
relevant cell types, are needed. Another limitation is that, in this study, information on whether
the participants were consuming antidiabetic agents or statins, which are commonly prescribed in
AD patients and which may influence the HDL functional capacity and size, was not available,
although the effects of statins on CEC remain uncertain, as reviewed elsewhere [41]. Future
studies are needed to further investigate the underlying compositional and structural differences
that explain the observed differences in the HDL functional capacity, particularly with regards to
the APOE genotype. Many modifications of HDL particles, including oxidation, glycation, loss
of functional components, and gain of deleterious components, have been found to influence the

HDL functional capacity, even beyond the ability to efflux cholesterol [42—44].

CONCLUSION

Our findings further support earlier observations that HDL particles are implicated in

Alzheimer’s disease pathology and highlight, for the first time, that there is an APOE genotype
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dependent relationship that merits further study. Notably, our results suggest that the
mechanisms of HDL deficiency in APOEA4 carriers vs. non-carriers are different, highlighting the
need for further research on HDL metabolism and function in APOE genotyped individuals to
elucidate the potential precision medicine-based approaches to improve the HDL functionality in
individuals at risk for Alzheimer’s disease tailored to their APOE genotype. It will be important
to design future studies to determine which HDL compositional and structural changes underlie
the loss of function that contributes to Alzheimer’s disease pathology and how APOE genotype

shapes these processes, so that potential therapeutic strategies to improve HDL functionality can

be tested for their effectiveness in the prevention or treatment of cognitive decline.
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