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The developmental origins of cardiovascular and metabolic risk (CMR) may involve interactions of 

genetic variants, the intrauterine environment, and life course exposures. While accumulating evidence 

supports the roles of the immune system and vitamin D metabolism in CMR, the role of immune- and 

vitamin D-related candidate gene variants in the developmental origins of CMR is not well-described. We 

conducted a candidate single nucleotide polymorphism (SNP) study among mother-offspring dyads 

representing a subset of the Jerusalem Perinatal Study birth cohort. We selected 122 SNPs in 51 genes 

characterizing immune or vitamin D-related genes and imprinted regions. We investigated nine CMR-

related phenotypes measured in adult offspring: cytomegalovirus antibody titer (CMV IgG), 25-

hydroxyvitamin D (25[OH]D) concentration, body mass index (BMI), fasting glucose, HDL cholesterol, 

LDL cholesterol, triglycerides, systolic blood pressure (BP), and diastolic BP. We used weighted linear 

regression with robust variance estimates to examine associations of 1) offspring genotype, 2) maternal 
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genotype, and 3) maternal-offspring genotype interactions with adult offspring CMR. We also evaluated 

genotype-CMV IgG and genotype-25[OH]D interactions on CMR. Multiple testing adjustments were 

performed using the Benjamini-Hochberg False Discovery Rate. The offspring minor allele of rs10894157 

in CNTN5 was associated with BMI (β = -1.35, SE = 0.30, p = 0.00002). Two offspring SNPs in SLC2A1, 

rs841858 (β = -7.33, SE = 2.10, p = 0.0005) and rs3820548 (β = -5.84, SE = 1.75, p = 0.0009) were 

associated with lower LDL cholesterol, and rs841858 was also associated with lower natural-log 

transformed triglycerides (β = -0.12, SE 0.03, p = 0.0004). We found interactions between offspring 

rs3771170 in IL-18R1 and 25[OH]D on LDL cholesterol (p = 0.0001), and offspring rs1950902 in MTHFD1 

and 25[OH]D on systolic blood pressure (p = 0.0004). We also found evidence for interactions at maternal 

rs4987853 in BCL2 with offspring CMV IgG on offspring HDL (p = 0.0003), maternal rs4851522 in IL-1R2 

with offspring 25[OH]D on offspring LDL (p < 0.0001), and maternal rs13143866 in IL-21 with offspring 

25[OH]D on offspring HDL (p = 0.0002). We found evidence of maternal-offspring genotype interactions 

at a SNP in MTRR on diastolic and systolic BP, and MTHFD1 on triglycerides, though these latter 

interactions were not statistically significant after taking into account multiple comparisons. If replicated in 

future studies, our findings provide evidence that maternal and offspring immune- and vitamin D 

metabolism- related genetic variants, and their interactions, may play a role in the developmental origins 

of offspring CMR. Further research in family-based genetic studies with long-term follow-up will enhance 

our understanding of early life origins of CMR.  
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Chapter 1: Overview: developmental origins, immune system and vitamin D metabolism, and 

cardiometabolic risk 

Developmental origins  

The theory of the developmental origins of health and disease is rooted in the idea that the 

developing fetus prepares itself for the outside environment based on cues received in the intrauterine 

environment (1). This hypothesis has been most commonly applied to cardiometabolic risk factors (CMR) 

in conjunction with the idea of a “thrifty” phenotype, wherein there exists a mismatch between the 

nutritional quality of the intrauterine environment and that encountered later in life (2, 3). Natural selection 

for genetic variation that favors survival during adverse environmental exposures, such as infection or 

famine, may contribute to this mismatch when the post-natal environment lacks stressors (4). In addition, 

maternal genetic (5-9) variation and maternal-offspring genotype interactions (10-14) may modify the 

intrauterine environment and influence the early life origins of offspring life course disease. However, 

substantial gaps in the literature remain.  

 

Developmental origins of cardiometabolic risk (CMR) and immune function 

Interrelationships between the immune system and CMR development are well-described in the 

literature. Mature adipocytes secrete pro-inflammatory cytokines, such as IL-6, which act to regulate lipid 

and glucose homeostasis (15). In obese individuals, expression of innate immune genes TLR2 and TLR4 

is increased and correlated with increased TNF-α and IL-6 (16). Animal studies demonstrated that pro-

inflammatory cytokines influence the development of hypertension (17, 18), and that the presence of T 

cells is required for the development of angiotensin II-induced hypertension (19, 20). Prospective human 

studies have implicated inflammatory biomarkers in hypertension as well (21, 22). Studies of pro-

inflammatory cytokines and various measures of dysregulated glucose metabolism have had mostly 

positive associations, though findings were inconsistent and inter-study comparison is difficult because of 

differences in study population baseline characteristics, study designs, exposure choice, and outcome 

assessment (23-26).  Moreover, a growing body of evidence supports the hypothesis that the developing 

immune system responds to the intrauterine environment and influences CMR throughout the life course. 

Immune system development begins in utero and is therefore vulnerable to adverse conditions during 
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pregnancy (27). Insults to the developing immune system during pregnancy have been associated with 

offspring atopy, asthma, and respiratory disease (28-32).  

Consequences of maternal infection and activation of the immune system can also be seen in 

offspring outcomes. Investigators have demonstrated in a mouse model that intrauterine growth 

restriction, infiltration of uteroplacental tissue by cellular innate immune effectors, and elevated maternal 

serum proinflammatory cytokines following induced bacterial cystitis (33). Maternal infections may 

contribute to nearly 20-25% of preterm births (34). Prenatal exposure to the 1918 influenza pandemic has 

been associated with excess incident cardiovascular disease between the ages of 60-82 years relative to 

those born shortly before or after this exposure window (35). Variation in genes related to immune 

response, such as IL-10 (36, 37), TNFA (38), and IL-1RN (38), have also been implicated in response to 

viral infection. Therefore, offspring and maternal genetic variants in immune-related pathways may 

contribute to the developmental origins of CMR in the offspring.  

 

Cytomegalovirus (CMV) antibody titer as a measure of immune response and its relationship with CMR  

Several investigations have been conducted to investigate CMV antibody titer as a biomarker of 

immune response. Studies have found an inverse association with CMV antibody titer and CD4+ T-cells 

(39, 40), and positive association with CMV antibody titer and increased numbers of CD8+ T-cells (39). A 

study of adolescents in the UK found lower circulating naïve T cells and increased CD28- memory T cells 

in CMV seropositive individuals compared to individuals who were seronegative (41). Among a subset of 

Multi-Ethnic Study of Atherosclerosis (MESA) participants, a cross-sectional relationship between CMV 

IgG and lower concentrations of naïve T cells, but higher concentrations of memory T cells, has been 

described (42), along with a bias towards Th1 CD4+ T cells found in otherwise healthy, seropositive 

participants with increasing CMV IgG (43).  

Higher CMV antibody titers have also been associated with pro-inflammatory cytokines TNFA (44, 

45), IL-6 (44, 46), INFG (40, 45), CRP (46), fibrinogen (46), and lower IL-4 (40). The overall picture is one 

in which increased CMV antibody titer is associated with pro-inflammatory cytokines, fewer naïve T-cells 

available to respond to new infections, and more memory T-cells devoted to suppression of latent CMV.  
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A negative CMV IgG test is taken to mean that an individual has never been infected with CMV, 

or that that individual is unable to produce an adequate antibody response due to immunosuppression. In 

a study of randomly selected Framingham Heart Study Offspring participants with serial measurements of 

CMV IgG at approximately 5-year intervals, there was a nonsignificant rise in CMV IgG over the 20 years 

from first to last blood draw (47). A study of new infection among initially seronegative adolescents found 

CMV IgG increased until nine weeks after the initial infection before stabilizing and remaining at a 

relatively constant level for the remaining 48 weeks of the study (48). In sum, CMV IgG is a relatively 

stable marker of immune senescence. 

CMV seropositivity has been linked to disease where inflammation plays a role, including CMR 

development (49-59). For example, among participants of the Cardiovascular Risk in Young Finns Study, 

high versus low CMV antibody titers were associated with blood pressure in men, but not women (55). 

Experimental and mouse studies have shown that CMV infection is sufficient to increase blood pressure 

via induction of renin and angiotensin II, and that it acts synergistically with a high cholesterol diet, but not 

in isolation, to promote atherosclerosis (60, 61). Findings from studies in humans are varied. There were 

inconsistent associations of various measures of CMV infection with hypertension (55, 62-64) and a 

possibility of promoting glucose dysregulation in the elderly (65, 66). However, other studies have failed 

to find similar associations (67, 68). The recognition of CMV as a possible part of the etiology of CMR is 

growing, and this dissertation is an opportunity to examine relationships between immune response-

related genetic variants and CMR among young adults in the context of the developmental origins of 

CMR.  

 

Vitamin D, immune function, and the developmental origins of CMR  

 Vitamin D has widespread effects throughout the human body, as evidenced by the presence of 

vitamin D receptors in almost all tissue types (69) and vitamin D response elements in hundreds of genes 

(70-72). Vitamin D maintains balance between cell-mediated Th1 immune response and antibody-

mediated Th2 immune response, with vitamin D deficiency associated with both autoimmune and atopic 

diseases (73, 74). Low circulating vitamin D concentrations at baseline have been associated with 
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incident adverse cardiovascular events in several prospective studies (75, 76), though randomized trials 

of supplementation have yielded inconsistent results with respect to CMR (77-85).  

The role that vitamin D plays in fetal development and the developmental origins of offspring 

health and disease is not yet fully understood. Research into perinatal outcomes has yielded associations 

between inadequate maternal 25-hydroxyvitamin D (25[OH]D) concentrations and preeclampsia (86), 

gestational diabetes (87), and offspring birthweight (88). In studies of young children, low maternal 

25[OH]D concentrations during pregnancy have been associated with reduced bone density (89) and 

atopy (90, 91); low cord blood 25[OH]D has been associated with various respiratory and atopic 

outcomes (92), and maternal self-report of low vitamin D intake during pregnancy has been associated 

with asthma (93). Maternal genotype at vitamin D metabolism genes has also been studied in conjunction 

with offspring outcomes. For example, a SNP in the maternal Vitamin D Receptor (VDR) gene has been 

associated with infant birthweight among non-Hispanic black mothers, but not white mothers (94), 

whereas another study found an association between maternal VDR and small for gestational age infants 

in both black and white women (88). Furthermore, Morley, et al., found that the association between 

maternal 25[OH]D concentrations during pregnancy and offspring birth size was modified by maternal 

VDR genotype (95). Collectively, the evidence suggests that maternal 25[OH]D concentrations, with 

some influence of vitamin D metabolism genotype, can affect the intrauterine environment in ways that 

have lasting consequences for the offspring. However, little is known regarding the role of vitamin D-

related maternal and offspring genetic variants in adult offspring CMR.  

 

Project Description 

In this project, we identified candidate SNPs (Supplementary Table S1) belonging to immune- 

and vitamin D- related genes and examined associations between offspring and maternal variants in 

these SNPs and CMR among otherwise healthy adult offspring. We also explored the potential for effect 

modification of CMV-CMR and 25[OH]D-CMR associations by genotypes of candidate SNPs. Analyses 

were conducted among a subset of participants in the Jerusalem Perinatal Study (JPS). Offspring and 

their mothers, originally recruited between 1974 and1976, were re-contacted when the offspring were, on 
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average, 32 years old. Maternal and offspring participants gave blood samples, interviews, and 

underwent physical examinations.  

Chapter 2 describes a study of offspring candidate SNPs and CMR using 109 candidate SNPs in 

or around 42 genes involved in immune response or vitamin D metabolism. We analyzed genotype-

phenotype associations for nine outcomes using linear regression with sampling weights and robust 

variance estimates. Additional analyses were conducted to identify potential effect modification of CMV 

IgG-CMR or 25[OH]D-CMR associations by genotype.  Exploratory analysis was conducted to identify the 

potential for mediation of statistically significant SNP-CMR associations by either CMV IgG or 25[OH]D 

concentrations.  

Chapter 3 describes a study that investigated associations of maternal genotypes of selected 

candidate SNPs with offspring adult CMR. We investigated 111 candidate maternal SNPs characterizing 

variations in genes involved in innate immune function and vitamin D metabolism. We analyzed maternal 

genotype-offspring phenotype associations for nine outcomes using linear regression with sampling 

weights and robust variance estimates. Exploratory analysis was conducted to identify the potential for 

effect modification of offspring CMV IgG-offspring CMR or offspring 25[OH]D-offspring CMR associations 

by maternal genotype.  

In Chapter 4, we examined the potential for mother-offspring genotype interactions at our 

candidate SNPs in relation to offspring CMR. We selected 97 SNPs in 42 genes in immune function, 

vitamin D metabolism, and imprinted regions for this analysis. We analyzed maternal genotype-offspring 

genotype interactions on nine offspring CMR outcomes using weighted linear regression models with 

robust variance estimates that contained terms for maternal genotype and offspring genotype, assuming 

an additive genetic model, and a simple multiplicative interaction term.  

Finally, in Chapter 5, we present an overall summary of study findings and a discussion of 

strengths and limitations of the study, along with implications for future research.   
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Chapter 2: Candidate immune and vitamin D-related genetic variants and adult cardiometabolic 

risk: the Jerusalem Perinatal Study 

Abstract 

Molecular pathways related to activation of the immune system and vitamin D concentrations 

have been associated with cardiometabolic risk factors (CMR). However, the contribution of genetic 

variation in these pathways to CMR development is not well-characterized. Among participants of a 

population-based birth cohort study, the Jerusalem Perinatal Study, who were examined and interviewed 

at 32 years of age, we investigated associations of immune- and vitamin D–associated candidate single 

nucleotide polymorphisms (SNPs, n=109) with cytomegalovirus antibody titers (CMV IgG),  25-

hydroxyvitamin D concentrations (25[OH]D, body mass index (BMI), fasting glucose, lipids, and blood 

pressure. We also examined effect modification of CMV IgG-CMR and 25[OH]D-CMR associations by 

genotype. The minor allele of rs10894157 in CNTN5 was associated with lower BMI (β = -1.31, SE = 

0.31, p = 0.00002). This association was not mediated by CMV IgG nor 25[OH]D concentrations. Two 

SNPs in SLC2A1, rs841858 (β = -7.33, SE = 2.10, p = 0.0005) and rs3820548 (β = -5.84, SE = 1.75, p = 

0.0009) were associated with lower LDL cholesterol, and rs841858 was also associated with lower 

natural-log transformed triglycerides (β = -0.12, SE 0.03, p = 0.0004). In the interaction analyses, the 

association between genotype at rs3771170 in IL-18R1 and LDL cholesterol was positive (β = 0.3.49, SE 

= 2.49, p = 0.161) among participants with 25[OH]D concentrations of 15.3ng/mL and negative (β = -7.00, 

SE = 2.13, p = 0.001) among participants with 25[OH]D concentrations of 27.4ng/mL (p for interaction = 

0.0001). The association between rs1950902 in MTHFD1 and systolic blood pressure was modified by 

25[OH]D concentration as well (p for interaction = 0.0004): among participants with 25[OH]D 

concentrations of 15.3ng/mL, the association was positive (β = 1.49, SE = 1.10, p = 0.177), while among 

participants with 25[OH]D concentrations of 27.4ng/mL, the association was negative (β = -1.95, SE = 

1.01, p = 0.054). In this candidate SNP study, we found evidence for a novel association between a 

CNTN5 SNP and BMI. We also identified possible effect modification of 25[OH]D and LDL cholesterol 

associations by a SNP in IL-18R1. Our findings, if replicated, will inform molecular and genetic 

investigations of the pathogenesis of dyslipidemia and obesity.  
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Introduction 

Systemic inflammation and activation of the immune system and low vitamin D concentrations 

have been implicated in the pathogenesis of cardiometabolic risk (CMR). Animal models provide strong 

evidence for the role of the immune system in essential hypertension (19, 20, 96). Work in the 

Atherosclerosis Risk In Communities cohort demonstrated that inflammation predicts Type 2 Diabetes 

independently of obesity and other risk factors (97) and baseline levels of C-Reactive Protein (CRP) were 

independently associated with the risk of incident Type 2 diabetes in the Women’s Health Initiative (98). 

Circulating baseline CRP, but not variation within the CRP gene, has been associated with incident 

hypertension (99). Cytomegalovirus infection and cytomegalovirus antibody titers have been associated 

with CMR, including hypertension and glucose dysregulation (60-66). While aspects of lipid metabolism 

have been associated with genetic variants in several immune genes (100, 101), associations of immune 

genetic variations with other CMR have been less clear (65, 99, 102, 103).  

In addition, associations between vitamin D and CMR have been reported, though findings were 

inconsistent. Baseline 25[OH]D has been associated with incident hypertension (82, 83, 104), though the 

associations do not always reach statistical significance (105) and other studies report no association 

(106).  In humans, individuals with essential hypertension have an altered cytokine profile compared to 

healthy individuals (107). Meta-analysis has found lower risk of incident hypertension (108), and incident 

Type 2 Diabetes (108) with increasing baseline 25[OH]D,  but trials of supplementation have generally 

found no change in blood pressure (80, 85, 109, 110), or glucose metabolism (77, 111) Cross-sectional 

inverse associations of  vitamin D concentrations with triglycerides (112-114) and LDL (113, 114) have 

been reported, but there is a lack of strong association with incident hypercholesterolemia (113) and null 

findings in meta-analysis of supplementation trials (115).  

Besides observed inconsistencies, genetic variations characterized by single nucleotide 

polymorphisms (SNPs), particularly those related to the innate immune system and vitamin D metabolism, 

remain underexplored in research on CMR development (36-38, 116). If the immunomodulating effects of 

CMV and/or vitamin D are indeed part of the causal pathway of cardiometabolic risk, genetic 

determinants of immune response may exert pleiotropic effects on CMR; alternatively, the genetic 

associations may be mediated by effects on CMV or vitamin D throughout the life course.  
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In this study of young adults, we investigated the associations of 109 candidate SNPs in or 

around 42 genes with CMV IgG and 25[OH]D concentration, and with multiple CMR quantitative traits 

(fasting glucose, body mass index (BMI), LDL, HDL, triglycerides, systolic blood pressure (BP), diastolic 

BP). We examined interactions of SNPs with CMV IgG and 25[OH]D concentrations on CMR. Finally, we 

also examined the potential for mediation of SNP-CMR associations by CMV IgG or 25[OH]D 

concentration.   
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Methods 

Study setting and study population  

This study is based on data collected as part of the Jerusalem Perinatal Study, including prenatal, 

perinatal, and post-natal data on all births (n=17,003) to residents of west Jerusalem during 1974-1976. 

The Jerusalem Perinatal Family Follow-up Study (JPS-1) recruited 1,500 mother-offspring dyads from the 

original JPS cohort, and collected additional data and biological samples from these dyads. Participants 

were recruited using a stratified sampling of term, singleton, live births with oversampling of low (≤2500g) 

and high (≥4000g) birthweight offspring and mothers with a pre-pregnancy BMI ≥ 27 kg/m
2
. Mother-

offspring dyads with offspring who had congenital disorders at birth or were preterm (<36 weeks 

gestation) were excluded.  

Information on maternal and birth characteristics, such as maternal lifestyle factors during 

pregnancy or birthweight of offspring, were collected from a combination of maternity ward logbooks, birth 

certificates, and maternal interviews conducted on the first or second day postpartum. (117). At the time 

of data collection for JPS-1, the mean age of offspring was 32 years (range 31-33 years). Offspring who 

self-reported taking medication for high blood pressure (n = 22), high cholesterol (n = 20), or diabetes (n = 

22) were excluded, as well as individuals with a fasting time that was missing (n = 234) or fewer than 

eight hours (n = 97). A maximum of 1,194 mother-offspring dyads were available for analysis after these 

exclusions. Study procedures were approved by the Institutional Review Boards of the University of 

Washington, in Seattle (USA), and the Hadassah-Hebrew University Medical Center in Jerusalem (Israel). 

All participants provided informed consent. 

 

Data Collection 

Data collection procedures have been published previously (117). To summarize, data on 

anthropomorphic measurements, lifestyle, and sociodemographic characteristics were collected during 

telephone interviews conducted by trained interviewers and physical exams conducted between 2007 and 

2009. BMI was calculated as weight (kg) divided by squared height (m
2
). Blood pressure was measured 

as the average of three consecutive measurements performed after five minutes of sitting (Omron M7 

automated sphygmomanometer). Fasting blood samples were taken using standard procedures. Plasma 
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glucose, LDL, HDL, and triglycerides were measured on the VITROS 5,1FS Chemistry System (Ortho 

Clinical Diagnostics, Raritan, NJ). Plasma vitamin D (25[OH]D)  was measured using liquid 

chromatography tandem mass spectroscopy at the Nutrition and Obesity Research Center, University of 

Washington (Seattle, WA). The sum of 25[OH]D2 and 25[OH]D3 was used in analyses to represent total 

plasma vitamin D concentration. CMV antibody titers were determined by enzyme immunoassay 

technology using the Immunosimplicity® Is-CMV IgG Test Kit (Diamedix Corp. Miami, Florida). Antibody 

titers are reported as EU/mL, with a value ≥ 10.0EU/mL considered positive for anti-CMV IgG. CMV 

assays were performed at the University of Vermont Laboratory for Clinical Biochemistry Research 

(Burlington, VT). All covariates, except for maternal smoking during pregnancy and offspring birthweight, 

were measured in JPS-1 offspring at the average age of 32 years. 

 

Gene/SNP selection and genotyping  

Genes and SNPs were selected based on previously published and unpublished work 

investigating their associations with phenotypes of interest: immune functions, vitamin D metabolism, 

BMI, fasting glucose, LDL cholesterol, HDL cholesterol, triglycerides, systolic blood pressure, and 

diastolic blood pressure. A detailed list of SNPs is shown in Supplementary Table S1.  

Extraction and amplification of DNA from offspring blood samples was performed using standard 

methods. Genotyping was performed using the Illumina, Inc., BeadArray™ or the TaqmanOpenArray 

assay systems at the University of California, San Francisco. SNPs were required to be in Hardy-

Weinberg Equilibirum (p > 0.000439) for inclusion. 109 SNPs were included for analysis.   

 

Statistical Analyses  

We examined offspring characteristics in the entire study cohort. Means and standard deviations 

were calculated for continuous variables; numbers and percentages for categorical variables. We used 

weighted multiple linear regression models to examine associations of genotypes, modeled additively, 

with CMR (BMI, fasting glucose, triglycerides, LDL, HDL, systolic BP, and diastolic BP), CMV IgG, and 

25[OH]D. Sampling weights were based on maternal pre-pregnancy BMI and offspring birthweight 

recruitment strata and non-response rates. Ninety-five percent confidence intervals of beta estimates and 
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p-values were calculated using robust standard error estimates. Triglyceride concentration was natural 

log-transformed to improve model fit, due to the extreme right-skewness of the distribution of triglycerides. 

CMV IgG was square root-transformed to improve model fit due to the extreme right-skewness of CMV 

IgG and the large proportion of participants (21%) with a CMV IgG titer of zero EU/mL, making a log 

transformation impractical.  

Our models were adjusted for season of blood draw (December-February, March-May, June-

August, September-November) and additional covariates for smoking status (current, former, and never), 

alcohol abstinence (yes/no), intense physical activity participation (yes/no), employment status (yes/no), 

religiosity (Ultra-Orthodox, Religious, and Traditionalist/Secular/Other), socio-economic status (low, 

medium, and high), birthweight, maternal smoking during pregnancy (yes/no), sex, and grandparent 

country of origin (Yemen, Kurdistan, Morocco, Iran, Iraq, Other African, Other Asian, and Ashkenazi, 

using Israel as baseline), and BMI unless BMI was the outcome of interest.  

We used the Benjamini-Hochberg step-up procedure to adjust for multiple comparisons (118) in 

our analyses of genotype-CMR associations. Briefly, this procedure controls the False Discovery Rate 

(FDR) at our chosen level of 0.05. P-values are ranked from smallest to largest and compared to 

0.05*k/m, where m is the total number of tests performed and k is the rank of the test. All tests with k 

smaller than the largest k such that p(k) ≤ 0.05*k/m are rejected. Each of the nine outcomes was evaluated 

separately.  

We examined the potential for effect modification of the relationship of CMV IgG and  25[OH]D 

with CMR by genotypes of all 109 SNPs. Genotype was coded as having 0, 1, or 2 minor alleles. CMV 

IgG and 25[OH]D were continuous variables. Besides the outcome variables, the models included main 

effects terms for both genotype and either CMV IgG or 25[OH]D, the multiplicative interaction term, and 

the same adjustment covariates used in the main effects models.  Statistical significance of the interaction 

term was determined using the significance level of 0.05. 

In an exploratory analyses, we performed the Sobel-Goodman mediation test to examine whether 

CMV IgG or 25[OH]D concentrations, separately, mediate associations between genotype(s) and CMR 

(119).  Only those SNP-CMR associations that met our criteria for statistical significance in the main 
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effects analyses, after adjustment for multiple testing, were carried forward for these mediation analyses. 

A significance level of 0.05 was used to evaluate mediation. 

In sensitivity analyses, in the case where multiple SNPs within the same gene were found among 

our top hits in association with one or more CMR, we examined associations of genotype combinations 

with the relevant CMR. Finally, to assess whether any of our candidate SNPs were associated with CMV 

infection rather than immune response, we conducted an analysis of our candidate SNPs and CMV 

seropositivity (≥10EU/mL) as a binary outcome variable.  

Statistical analyses were performed using Stata v10.0 (StataCorp, College Station, TX).  
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Results  

Selected study participant characteristics are presented in Table 2.1. Mean 25[OH]D 

concentrations and CMV IgG were 21.8ng/mL (SD = 9.0) and 179.9EU/mL (SD = 242.7), respectively. 

The average BMI of participants was 26.2kg/m
2
 (SD = 5.1). Funnel plots (Supplementary Figures 2.1 – 

2.9) summarize the results of genotype-CMR associations. Top hits (unadjusted p-value < 0.01) from 

analyses evaluating SNP-CMR associations are presented in Table 2.2. Four SNPs met our criteria for 

statistical significance using the Benjamini-Hochberg correction for multiple testing. A copy of the minor 

allele of the top hit, rs10894157 (Minor Allele Frequency (MAF) =24%), a SNP in the CNTN5 gene, was 

associated with an average 1.31kg/m
2
 decrease in BMI (SE = 0.31, p = 0.00002). A SNP (rs841858) in 

the SCL2A1 gene was associated with decreases in both the natural logarithm of triglycerides (β = -0.12, 

SE = 0.03, p = 0.0004) and LDL (β = -7.33, SE = 2.10, p = 0.0005), while another SCL2A1 SNP, 

rs3820548, was associated with a decrease in LDL (β = -5.84, SE = 1.75, p = 0.0009). 
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CMV IgG, EU/mL (mean, sd) 179.9 242.7

Total D, ng/mL (mean, sd) 21.8 9.0

BMI, kg/m2 (mean, sd) 26.2 5.1

Glucose, mg/dL (mean, sd) 80.0 15.3

Triglycerides, mg/dL (mean, sd) 105.1 72.9

LDL, mg/dL (mean, sd) 112.3 28.8

HDL, mg/dL (mean, sd) 50.1 14.6

Systolic BP, mmHg (mean, sd) 105.7 11.9

Diastolic BP, mmHg (mean, sd) 71.2 8.1

Birthweight, grams (mean, sd) 3409.1 618.7

Smoking Status (n, %) non 691 59.4

former 154 13.2

current 318 27.3

Alcohol Abstain (n, %) yes 544 46.6

Intense Physical Activity (n, %) yes 343 29.4

Employed (n, %) yes 963 83.7

Orthodoxy (n, %) Ultra-orthodox 226 18.9

Religious 242 20.3

726 60.8

Season (n, %) winter 332 27.8

spring 191 16.0

summer 340 28.5

autumn 331 27.7

SES (n, %) low 236 22.7

medium 369 35.6

high 592 41.8

maternal smoking (n, %) yes 181 17.4

s.d. = Standard Deviation 

*May not sum to total due to missing data 

†Defined as exercise that brings about labored breathing, increased pulse 

rate, and sweating, lasting for at least twenty minutes. 

Traditionalist, Secular, or Other

Table 2.1. Study Participant  Characteristics. 

Total

N = 1194*
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Table 2.3 presents the results for the SNP-CMV IgG interaction analyses. Forty-five SNPs were 

associated with changes in the relationship between CMV IgG and CMR at the exploratory significance 

level of 0.05. In one specific example, the difference in LDL cholesterol associated with each additional 

minor allele of TNFRSF1A SNP rs4149578 among participants who had CMV IgG titers of 26.1EU/mL 

was 0.23 (SE = 2.72, p = 0.934), 4.70 (SE = 2.88, p = 0.104) among participants who had CMV IgG titers 

of 103.8EU/mL, and 9.26 (SE = 3.68, p = 0.012) among participants who had CMV IgG titers of 

237.8EU/mL.   

Table 2.4 presents the results for the SNP-25[OH]D interaction analyses. Sixty-one SNPs were 

associated with changes in the relationship between 25[OH]D and CMR at the exploratory significance 

level of 0.05. In one specific example, among individuals deficient for vitamin D (25[OH]D concentration of 

15.3ng/mL), each minor allele of rs3771170 was associated with a 3.49mg/dL increase in LDL cholesterol 

(SE = 2.49, p = 0.161). At a 25[OH]D concentration of 21.3, each minor allele was associated with a 

1.71mg/dL decrease in LDL cholesterol (SE = 1.90, p = 0.367), and at a 25[OH]D concentration of 27.4, 

Outcome Gene SNP Coefficient Robust SE p-value

Square root (CMV IgG) MTRR rs1801394 1.56 0.55 0.0048

25[OH]D (ng/mL) CYP2R1 rs12794714 -1.46 0.47 0.0018

25[OH]D (ng/mL) IL-21 rs2055979 -1.20 0.49 0.0155

25[OH]D (ng/mL) GC rs2282679 -1.60 0.52 0.0023

BMI (kg/m2) CNTN5 rs10894157 -1.31 0.31 0.00002*

BMI (kg/m2) RXRA rs1045570 -0.95 0.33 0.0046

Glucose (mg/dL) TNFRSF1A rs4149578 2.42 0.96 0.0121

Glucose (mg/dL) IL-6R rs4075015 1.77 0.66 0.0079

HDL (mg/dL) MTRR rs10380 4.13 1.31 0.0017

HDL (mg/dL) RXRA rs1045570 2.71 0.98 0.0058

LDL (mg/dL) SLC2A1 rs841858 -7.33 2.10 0.0005*

LDL (mg/dL) SLC2A1 rs3820548 -5.84 1.75 0.0009*

ln(Triglycerides) SLC2A1 rs841858 -0.12 0.03 0.0004*

ln(Triglycerides) SLC2A1 rs3820546 0.09 0.03 0.0036

Systolic BP (mmHg) IL-6 rs1800797 -1.84 0.69 0.0079

Diastolic BP (mmHg) TLR4 rs11536889 -2.03 0.66 0.0023

Table 2.2. Top hits (unadjusted p < 0.01) for candidate SNP analysis of CMR 

outcomes. 

*Met Benjamini-Hochberg multiple testing correction for statistical significance. 
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with a 7.00mg/dL decrease in LDL cholesterol (SE = 2.13, p = 0.001, p for interaction = 0.0001). (Figure 

2.1). While we did not specify a priori a multiple testing correction for this analysis, this interaction and the 

interaction between rs1950902 in MTHFD1L and 25[OH]D on systolic BP (Figure 2.2) met the Benjamini-

Hochberg FDR correction used in the earlier analysis of genotype main effects.  

In sensitivity analysis, we examined the associations of candidate SNPs and CMV seropositivity 

and found that the minor allele of CD14 rs5744455 was associated with slightly increased odds of CMV 

seropositivity (OR = 1.04, SE = 0.26, p = 0.0001, Supplementary Table S2.4).  

Since two SNPs in SLC2A1 were among our top hits in both LDL cholesterol and triglycerides 

(Table 2.2), we performed analyses of genotype combinations at the two relevant loci and LDL and 

triglycerides, respectively. The magnitude of the association between minor alleles in SLC2A1 and LDL 

cholesterol grew larger with an increasing number of minor alleles, ranging from -2.89 (SE = 3.28, p = 

0.3790) for one minor allele in rs3820548 compared to no minor alleles in either SNP, to -15.61 (SE = 

6.54, p = 0.0170) when both SNPs were homozygous for the minor alleles (Supplementary Table 2.5). In 

the analysis of rs841858 and rs3820548 with triglycerides, no particular minor allele combination was 

significantly associated with triglycerides (Supplementary Table S2.6).  

 

 

 



18 
 

 

Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

25[OH]D (ng/mL) CUBN rs1801222 2.83 1.17 0.0154 0.15 0.05 0.0061 -0.27 0.08 0.0014

25[OH]D (ng/mL) BCL2 rs4987853 1.83 0.82 0.0251 0.19 0.06 0.0007 -0.18 0.06 0.0015

25[OH]D (ng/mL) BCL2 rs1564483 -2.35 0.96 0.0143 0.00 0.05 0.9338 0.22 0.09 0.0127

25[OH]D (ng/mL) MTHFD1L rs9478878 1.36 0.78 0.0809 0.16 0.06 0.0048 -0.14 0.06 0.0274

25[OH]D (ng/mL) MTHFD1L rs572522 -1.34 0.67 0.0455 -0.02 0.06 0.7427 0.11 0.05 0.0306

25[OH]D (ng/mL) ABCA1 rs1883025 -1.40 0.93 0.1331 -0.02 0.06 0.7655 0.14 0.07 0.0361

25[OH]D (ng/mL) LTA rs1041981 1.36 1.00 0.1745 0.14 0.06 0.0218 -0.15 0.08 0.0425

BMI (kg/m2) SLC2A1 rs3820546 -0.82 0.41 0.0448 -0.09 0.04 0.0235 0.11 0.03 0.0012

BMI (kg/m2) LRP2 rs4667591 -1.28 0.54 0.0183 -0.06 0.03 0.0517 0.14 0.04 0.0019

BMI (kg/m2) CD14 rs2563298 0.32 0.46 0.4931 0.09 0.04 0.0219 -0.11 0.04 0.0030

BMI (kg/m2) SLC2A1 rs3820548 1.04 0.47 0.0263 0.06 0.03 0.0630 -0.09 0.04 0.0149

BMI (kg/m2) IL-18R1 rs7558013 1.36 0.63 0.0320 0.04 0.03 0.1405 -0.13 0.05 0.0154

BMI (kg/m2) FCGR2A rs1801274 -0.55 0.48 0.2498 -0.09 0.04 0.0221 0.08 0.03 0.0187

BMI (kg/m2) IL-1A rs3783546 0.80 0.51 0.1145 0.06 0.03 0.0671 -0.10 0.04 0.0190

BMI (kg/m2) SLC2A1 rs751210 0.72 0.41 0.0843 0.07 0.04 0.0541 -0.08 0.03 0.0214

BMI (kg/m2) BCL2 rs4940574 -0.85 0.65 0.1946 -0.03 0.03 0.2882 0.10 0.04 0.0232

BMI (kg/m2) IL-18R1 rs11465596 1.44 0.90 0.1097 0.03 0.03 0.2891 -0.16 0.07 0.0288

BMI (kg/m2) SLC2A1 rs841858 1.02 0.53 0.0554 0.04 0.03 0.1822 -0.09 0.04 0.0427

BMI (kg/m2) IL-1A rs2856836 -0.62 0.40 0.1175 -0.04 0.03 0.2553 0.07 0.03 0.0442

BMI (kg/m2) CD35 rs1953299 0.90 0.41 0.0291 0.07 0.04 0.0646 -0.07 0.03 0.0448

Glucose (mg/dL) MTHFD1L rs4869713 3.29 1.20 0.0061 0.25 0.08 0.0033 -0.27 0.09 0.0024

Glucose (mg/dL) IL-18R1 rs7579737 -2.53 1.07 0.0183 -0.06 0.08 0.4856 0.17 0.08 0.0210

Glucose (mg/dL) MTHFD1L rs175866 -0.83 1.20 0.4909 -0.09 0.10 0.3598 0.18 0.09 0.0441

Glucose (mg/dL) CRP rs1130864 1.79 1.12 0.1096 0.17 0.08 0.0453 -0.16 0.08 0.0455

HDL (mg/dL) BCL2 rs4987853 -3.10 1.38 0.0248 -0.13 0.10 0.1810 0.31 0.09 0.0010

HDL (mg/dL) CYP27B1 rs4646536 3.19 1.60 0.0469 0.22 0.10 0.0220 -0.34 0.14 0.0155

HDL (mg/dL) IL-1A rs3783546 1.80 1.50 0.2305 0.21 0.09 0.0264 -0.26 0.11 0.0215

HDL (mg/dL) SLC2A1 rs710221 -3.05 1.25 0.0147 -0.13 0.11 0.2616 0.22 0.10 0.0218

HDL (mg/dL) BCL2 rs1564483 3.34 1.80 0.0633 0.17 0.09 0.0503 -0.31 0.14 0.0312

HDL (mg/dL) CRP rs1130864 -1.48 1.25 0.2374 -0.05 0.11 0.6158 0.21 0.10 0.0380

HDL (mg/dL) TLR4 rs7873784 -1.05 1.57 0.5038 0.01 0.10 0.9403 0.25 0.13 0.0459

Table 2.3. Top hit (p < 0.05) offspring SNP X offspring CMV IgG interactions in association with offspring CMR outcomes.

SNP association CMV IgG association SNP X CMV IgG Interaction
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

LDL (mg/dL) TNFRSF1A rs4149578 -4.25 3.26 0.1929 -0.09 0.17 0.6201 0.88 0.28 0.0020

LDL (mg/dL) MTHFD1L rs572522 -4.67 2.84 0.1000 -0.40 0.23 0.0813 0.53 0.19 0.0066

LDL (mg/dL) IL-6 rs1554606 -4.35 2.96 0.1418 -0.27 0.21 0.2164 0.62 0.27 0.0202

LDL (mg/dL) TLR3 rs3775291 6.13 3.83 0.1102 0.31 0.21 0.1398 -0.66 0.30 0.0302

ln(Triglycerides) IL-6R rs2229238 -0.13 0.06 0.0297 0.00 0.00 0.1410 0.01 0.00 0.0076

ln(Triglycerides) IL-6 rs1554606 -0.08 0.05 0.1206 -0.01 0.00 0.0545 0.01 0.00 0.0101

ln(Triglycerides) BCL2 rs1542578 0.07 0.05 0.1798 0.01 0.00 0.0987 -0.01 0.00 0.0139

ln(Triglycerides) IL-18R1 rs2080289 -0.12 0.06 0.0280 0.00 0.00 0.1179 0.01 0.00 0.0191

ln(Triglycerides) BCL2 rs7242542 -0.19 0.07 0.0081 0.00 0.00 0.1931 0.01 0.01 0.0275

ln(Triglycerides) MTHFR rs1801131 -0.12 0.05 0.0190 -0.01 0.00 0.0736 0.01 0.00 0.0295

ln(Triglycerides) IL-1R2 rs2110562 0.06 0.05 0.1992 0.01 0.00 0.1439 -0.01 0.00 0.0331

ln(Triglycerides) RXRA rs1045570 -0.12 0.07 0.0762 -0.01 0.00 0.0312 0.01 0.00 0.0459

Systolic BP (mmHg) IL-18 rs549908 -2.08 0.95 0.0284 -0.07 0.06 0.2592 0.17 0.08 0.0250

Systolic BP (mmHg) BCL2 rs4987853 0.97 1.03 0.3457 0.14 0.08 0.0653 -0.18 0.08 0.0260

SNP association CMV IgG association SNP X CMV IgG Interaction

Table 2.3. Top hit (p < 0.05) offspring SNP X offspring CMV IgG interactions in association with offspring CMR outcomes. (continued)
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Square root (CMV IgG) ABCA1 rs1883025 -4.66 1.55 0.0028 -0.04 0.06 0.5030 0.19 0.06 0.0027

Square root (CMV IgG) CYP2R1 rs12794714 -3.16 1.45 0.0296 -0.04 0.07 0.5189 0.15 0.06 0.0120

Square root (CMV IgG) BCL2 rs4987853 3.12 1.46 0.0327 0.15 0.05 0.0023 -0.14 0.06 0.0134

Square root (CMV IgG) MTHFD1L rs4341013 -3.14 1.61 0.0507 0.02 0.05 0.7686 0.16 0.07 0.0170

Square root (CMV IgG) CUBN rs1801222 2.09 1.63 0.2012 0.11 0.06 0.0531 -0.13 0.06 0.0389

Square root (CMV IgG) IL-1R2 rs4851522 -2.86 1.49 0.0563 0.05 0.05 0.3271 0.12 0.06 0.0426

Square root (CMV IgG) MTHFD1L rs803471 -2.91 1.38 0.0351 0.02 0.05 0.6982 0.11 0.05 0.0487

Square root (CMV IgG) IL-21 rs13143866 2.47 1.40 0.0779 0.10 0.06 0.0858 -0.10 0.05 0.0498

BMI (kg/m2) IL-1R2 rs3218984 2.34 0.85 0.0063 0.00 0.03 0.8981 -0.09 0.03 0.0063

BMI (kg/m2) BCL2 rs4940574 2.14 0.94 0.0230 -0.01 0.03 0.6589 -0.08 0.04 0.0300

BMI (kg/m2) MTHFD1 rs1076991 -1.67 0.75 0.0273 -0.13 0.04 0.0011 0.07 0.03 0.0306

BMI (kg/m2) LRP2 rs2075252 -1.11 0.89 0.2099 -0.11 0.03 0.0004 0.07 0.03 0.0379

BMI (kg/m2) MTHFD1L rs4869713 0.99 0.79 0.2126 -0.01 0.03 0.7663 -0.06 0.03 0.0401

BMI (kg/m2) CD14 rs2569190 1.53 0.74 0.0394 0.01 0.04 0.7726 -0.06 0.03 0.0467

Glucose (mg/dL) RXRA rs1045570 -7.30 2.35 0.0020 -0.21 0.09 0.0301 0.30 0.10 0.0026

Glucose (mg/dL) MTHFR rs1801133 -3.16 1.67 0.0584 -0.23 0.09 0.0087 0.16 0.07 0.0232

Glucose (mg/dL) CYP24A1 rs6013897 4.97 2.00 0.0133 0.01 0.09 0.9171 -0.19 0.08 0.0253

Glucose (mg/dL) IL-12(B) rs3212227 4.28 2.29 0.0625 0.05 0.09 0.5711 -0.22 0.10 0.0300

Glucose (mg/dL) BCL2 rs4940574 -4.71 2.17 0.0303 -0.19 0.08 0.0207 0.21 0.10 0.0346

Glucose (mg/dL) CNTN5 rs10894157 -4.19 2.09 0.0454 -0.19 0.10 0.0563 0.20 0.09 0.0348

Glucose (mg/dL) MTR rs1805087 4.92 2.55 0.0542 -0.01 0.08 0.9479 -0.23 0.11 0.0394

Glucose (mg/dL) BCL2 rs4940576 -4.04 2.03 0.0469 -0.21 0.09 0.0283 0.17 0.08 0.0433

Glucose (mg/dL) IL-21 rs2055979 -4.44 2.14 0.0380 -0.22 0.11 0.0472 0.17 0.09 0.0475

HDL (mg/dL) TNFRSF1A rs4149578 -9.99 2.86 0.0005 0.00 0.08 0.9579 0.45 0.14 0.0008

HDL (mg/dL) SLC2A1 rs841858 6.23 2.72 0.0222 0.16 0.09 0.0763 -0.26 0.11 0.0153

HDL (mg/dL) BCL2 rs4987736 -6.69 2.58 0.0098 -0.03 0.12 0.7988 0.23 0.10 0.0242

HDL (mg/dL) IL-18R1 rs2287033 -6.28 2.39 0.0088 -0.12 0.12 0.3254 0.21 0.10 0.0368

HDL (mg/dL) CYP2R1 rs1993116 -5.07 2.49 0.0417 -0.10 0.11 0.3553 0.19 0.09 0.0372

HDL (mg/dL) ABCA1 rs1883025 -6.22 2.76 0.0244 -0.07 0.10 0.4805 0.21 0.11 0.0441

Table 2.4. Top hit (p < 0.05) SNP X Vitamin D interactions in association with CMR outcomes. 

SNP association Vitamin D association SNP X Vitamin D Interaction
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

LDL (mg/dL) IL-18R1 rs3771170 16.75 5.34 0.0018 0.67 0.23 0.0033 -0.87 0.22 0.0001*

LDL (mg/dL) BCL2 rs1564483 -21.20 5.90 0.0003 -0.17 0.20 0.4020 0.77 0.25 0.0022

LDL (mg/dL) TLR3 rs3775291 -14.73 5.58 0.0085 -0.14 0.20 0.5028 0.62 0.23 0.0088

LDL (mg/dL) MTHFD1L rs4869959 -14.78 6.21 0.0175 -0.05 0.22 0.8174 0.69 0.27 0.0095

LDL (mg/dL) LRP2 rs2075252 -17.40 6.40 0.0067 -0.10 0.21 0.6361 0.70 0.27 0.0100

LDL (mg/dL) IL-1R2 rs3218984 12.53 6.00 0.0372 0.43 0.22 0.0445 -0.53 0.24 0.0276

LDL (mg/dL) SLC2A1 rs710221 -14.07 5.18 0.0067 -0.26 0.24 0.2695 0.50 0.23 0.0291

LDL (mg/dL) IL-1R2 rs4851522 10.70 6.01 0.0752 0.34 0.20 0.0937 -0.52 0.25 0.0369

LDL (mg/dL) IL-18R1 rs2287033 8.52 4.59 0.0636 0.55 0.24 0.0214 -0.40 0.19 0.0387

LDL (mg/dL) MTHFD1L rs6940322 9.11 5.50 0.0981 0.51 0.22 0.0214 -0.43 0.22 0.0496

ln(Triglycerides) CD14 rs5744455 0.32 0.11 0.0031 0.00 0.00 0.7180 -0.01 0.00 0.0092

ln(Triglycerides) MTHFD1L rs4341013 -0.22 0.10 0.0354 -0.01 0.00 0.0402 0.01 0.00 0.0106

ln(Triglycerides) BCL2 rs1801018 0.20 0.07 0.0065 0.00 0.00 0.4108 -0.01 0.00 0.0113

ln(Triglycerides) IL-6 rs1554606 -0.15 0.07 0.0490 -0.01 0.00 0.0385 0.01 0.00 0.0223

ln(Triglycerides) CNTN5 rs10894157 -0.16 0.10 0.1151 -0.01 0.00 0.0623 0.01 0.00 0.0228

ln(Triglycerides) TNFRSF1A rs4149578 0.26 0.13 0.0520 0.00 0.00 0.8421 -0.01 0.01 0.0293

ln(Triglycerides) IL-18R1 rs2287033 0.16 0.08 0.0512 0.00 0.00 0.3360 -0.01 0.00 0.0373

ln(Triglycerides) IL-6 rs1800797 -0.15 0.09 0.0939 -0.01 0.00 0.1437 0.01 0.00 0.0377

Systolic BP (mmHg) MTHFD1 rs1950902 5.85 2.03 0.0041 0.08 0.06 0.1721 -0.28 0.08 0.0004*

Systolic BP (mmHg) MTHFD1L rs1555179 3.93 1.50 0.0088 0.11 0.06 0.0695 -0.15 0.06 0.0116

Systolic BP (mmHg) IL-6 rs2069840 4.97 1.52 0.0011 0.10 0.06 0.1103 -0.17 0.07 0.0119

Systolic BP (mmHg) MTHFD1 rs1076991 2.42 1.55 0.1183 0.10 0.07 0.1521 -0.13 0.06 0.0249

Systolic BP (mmHg) SLC2A10 rs7251505 -3.66 2.73 0.1808 -0.04 0.06 0.4641 0.24 0.11 0.0254

Systolic BP (mmHg) RXRA rs1045570 -3.96 1.78 0.0261 -0.10 0.06 0.1287 0.16 0.07 0.0258

Systolic BP (mmHg) MTRR rs1532268 -2.72 1.48 0.0668 -0.11 0.07 0.0923 0.14 0.06 0.0309

Systolic BP (mmHg) LTA rs1041981 3.39 1.59 0.0339 0.06 0.06 0.3166 -0.13 0.06 0.0376

Systolic BP (mmHg) IL-6 rs1554606 -4.71 1.65 0.0044 -0.08 0.07 0.2402 0.15 0.07 0.0495

Table 2.4. Top hit (p < 0.05) SNP X Vitamin D interactions in association with CMR outcomes. (continued)

SNP association Vitamin D association SNP X Vitamin D Interaction
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Diastolic BP (mmHg) MTHFD1 rs1950902 3.69 1.62 0.0232 0.00 0.05 0.9889 -0.22 0.06 0.0005

Diastolic BP (mmHg) IL-6 rs2069840 4.54 1.26 0.0003 0.03 0.05 0.5189 -0.17 0.05 0.0014

Diastolic BP (mmHg) LTA rs1041981 3.57 1.29 0.0057 0.01 0.05 0.8222 -0.15 0.05 0.0032

Diastolic BP (mmHg) IL-6 rs1554606 -3.09 1.33 0.0208 -0.12 0.05 0.0237 0.12 0.05 0.0357

Diastolic BP (mmHg) CD53 rs2885805 -2.25 1.15 0.0510 -0.15 0.06 0.0176 0.10 0.05 0.0435

*Met Benjamini-Hochberg-adjusted criteria for statistical significance.

Table 2.4. Top hit (p < 0.05) SNP X Vitamin D interactions in association with CMR outcomes. (continued)

SNP association Vitamin D association SNP X Vitamin D Interaction
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Figure 2.1. 25[OH]D modifies the association between IL-18R1 SNP rs3771170 and LDL cholesterol 

among study participants.   
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Figure 2.2. 25[OH]D modifies the association between MTHFD1 SNP rs1950902 and Systolic BP 

among study participants.  

 

 

 

In an exploratory analysis, we examined the potential for mediation of SNP-CMR relationships by 

CMV IgG and 25[OH]D concentration among SNPs that met our pre-specified significance criterion based 

on the Benjamini-Hochberg FDR multiple testing adjustment. Using the Sobel-Goodman test, we found 

no evidence of mediation by CMV IgG titer nor 25[OH]D in the association of rs10894157 and BMI 

(results not shown).  

The associations between rs10894157 and BMI, the interaction between rs3771170 and 25[OH]D 

on LDL, and the interaction between rs1950902 and 25[OH]D on systolic BP were robust with respect to 

covariate inclusion/exclusion (Supplementary Tables S2.1, S2.2, and S2.3, respectively).  
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Discussion 

In the current study, we investigated immune- and vitamin D-related candidate SNP-CMR 

associations, along with SNP-CMV IgG and SNP-25[OH]D interactions on CMR. We report evidence for 

novel associations of SNPs with BMI and LDL cholesterol. We also found possible evidence of effect 

modification of CMV IgG-CMR and 25[OH]D-CMR associations by several SNPs, including an interaction 

between a novel IL-18R1SNP (rs3771170) and 25[OH]D on LDL cholesterol 

Our report of an association between a SNP in CNTN5 and lower BMI is novel. While the intronic 

SNP rs10894157 in CNTN5 was originally chosen for inclusion in our candidate list because of a previous 

report of the association of CNTN5 gene expression changes with viral infection by CMV and other 

herpesviruses (120), we found no evidence that the mechanism for its association with BMI is mediated 

through CMV IgG. Expression of CNTN5 in adults is predominantly in the brain and thyroid (121) and 

believed to be critical for normal brain development (122). Haplotype analysis of a block of CNTN5 SNPs, 

not including our candidate SNP, was associated with anorexia among Japanese females (123). Our 

finding of variation in CNTN5 associated with lower BMI (B = -1.35, p < 0.0001) is consistent in direction 

with association of the rarer CNTN5 haplotype with anorexia that was reported before.  

We also found multiple SNPs in SLC2A1 associated with LDL cholesterol and triglycerides in our 

population; the relevant SNPs had linkage disequilibrium of 0.25 and 0.39, respectively. These 

associations, to our knowledge, have not been previously reported in the literature, nor were they 

reported in the recent Global Lipids Consortium results (124). The SLC2A1 gene, also known as GLUT1, 

codes for the glucose transporter protein type 1 (125). GLUT1 is a highly-conserved protein that facilitates 

the transport of glucose across the plasma membrane in humans, as well as other mammals, and, 

notably, is primarily responsible for the transport of glucose across the blood-brain barrier (126). 

Mutations in SLC2A1 are responsible for GLUT1 deficiency, characterized by low cerebrospinal fluid 

glucose concentration (127) and a specific type of epilepsy (128). Furthermore, Vazquez-Chantada, et al., 

found that two SNPs in SLC2A1 were associated with Non-Alcoholic Fatty Liver Disease (NAFLD) and 

that decreases in SLC2A1 mRNA expression are associated with triglyceride accumulation in 

hepatocytes, though the direction of this association is unclear (129). One of the SNPs studied and 

validated by Vazquez-Chantada, et al., rs841856, is in high (0.809) LD with rs841858, a SNP among our 



26 
 

top hits for both triglycerides and LDL (Table 2.2). In their case-control study including individuals with 

biopsy-proven NAFLD, the minor alleles in rs841856 and rs4658 were associated with increased odds of 

NAFLD. However, in our study, the minor allele of rs841856 was associated with decreases in both 

triglycerides and LDL (Table 2.2). Our results may be due to chance. Or, this may be due to population 

differences with respect to the development of overt disease such as NAFLD. Our population is younger 

and non-diseased compared to that of Vazquez-Chantada, et al., despite the inclusion of some 

individuals with high fasting triglycerides and/or LDL. To speculate along this line of reasoning, in our 

younger population, individuals have not yet developed overt NAFLD and instead, the lower fasting lipids 

associated with the risk alleles could represent a dysregulation of fatty acid uptake and release by 

hepatocytes (130). We speculate that individuals with the risk alleles inappropriately sequester fatty acids 

in the liver during times of fasting rather than releasing them into the bloodstream as triglycerides at this 

point in risk or disease development, leading to lower fasting lipids compared to individuals without the 

risk allele.  

In exploratory analyses of SNP-CMV IgG and SNP-25[OH]D interactions on CMR outcomes, we 

found preliminary evidence of statistical interaction with several SNPs in each case (Tables 2.3, 2.4). 

Although we did not specify an a priori multiple testing correction for our exploratory interaction analyses, 

the interaction between 25[OH]D and rs3771170 met the Benjamini-Hochberg criteria for statistical 

significance that was used in our main effects analysis. We are the first to report a statistical interaction 

between IL-18R1 and 25[OH]D concentration on LDL. The SNP rs3771170 is within IL-18R1, a IL-18 

receptor, which binds to IL-18 and is required for signal transduction (131). SNP rs3771170 is intronic and 

has not previously been associated with any phenotype, to our knowledge, nor is it predicted to cause a 

change in the protein product. Functional polymorphisms in IL-18R1 have been reported previously in 

conjunction with vaccine response (132), but our rs3771170 is not in linkage disequilibrium with any of 

these polymorphisms. Its partner, IL-18, is a proinflammatory cytokine in the IL-1 family that induces the 

production of Th1 cytokines, enhances cell-mediated cytotoxicity, and is involved in the defense against 

intracellular pathogens (133). Associations between CMR and IL-18 have been reported in the literature. 

Weight loss via dietary changes in obese, premenopausal women resulted in lowering of both LDL 

cholesterol and IL-18 (134). Among individuals with Type 2 Diabetes, IL-18 is associated with preclinical 
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atherosclerosis (135). It has been shown to be proatherogenic in mice only in the presence of a high-fat 

diet (136). IL-18 levels have also been shown to decrease with statin therapy given for 

hypercholesterolemia (137). However, Kong, et al., demonstrated that the active metabolite of 25[OH]D 

suppressed IL-18 synthesis in keratinocytes in a VDR-dependent manner(137).  Enhanced expression of 

IL-18, among other cytokines, is found in CYP27B1 knockout mouse placentas (138), indicating a role for 

the active form of vitamin D in balancing the immune system. However, 25[OH]D concentrations are not 

correlated with IL-18 concentration in morbidly obese subjects (139). Thus, the literature, while indicating 

that insufficient 1,25[OH]2D, the active metabolite of vitamin D, may promote inflammation via increasing 

IL-18 expression, it does not indicate how a non-deficient 25[OH]D concentration could alter the 

relationship between IL-18 or its receptor and LDL cholesterol concentration. Indeed, while IL-18 has 

been associated with atherogenesis, associations with circulating LDL cholesterol, an involved precursor 

to atherosclerotic lesions, are lacking in previous studies. Overall, there is indirect evidence for the 

plausibility of interactions between IL-18R1 and 25[OH]D on LDL, but further studies are needed to 

confirm the nature and direction of the interaction reported in the current study. 

We report here an interaction between MTHFD1 SNP rs1950902 and 25[OH]D concentration on 

systolic BP. MTHFD1 encodes a protein involved in folate metabolism (140); homozygous knock-out mice 

do not survive past the embryonic stage (141). This SNP has been studied in conjunction with migraines 

(142), tetralogy of Fallot (143), and ovarian cancer (144) with null findings, and a borderline association 

with non-small cell lung cancer (145). While the SNP results in an amino acid change, it is not predicted 

to result in a change to the protein product function (SIFT: http://sift.jcvi.org/). MTHFD1 has not been 

studied previously with respect to blood pressure, but other genes in this pathway, such as MTHFR, have 

been associated with hypertension (146, 147). It has been hypothesized that exposure to ultraviolet light, 

such as that necessary for endogenous vitamin D production, may reduce serum folate levels, thus 

possibly accounting for the statistical interaction observed in the present study. One study has reported a 

decrease in folate levels among patients treated with UVB phototherapy for psoriasis (148), but a pilot 

study on the topic that included healthy volunteers found no such decrease (149). Thus, while the 

literature does not preclude an interaction between MTHFD1 and 25[OH]D concentration on systolic BP, 

the evidence for a biological interaction is somewhat weak to date.  

http://sift.jcvi.org/
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In a sensitivity analysis of CMV seropositivity, defined as an IgG titer greater than or equal to 

10Eu/mL, we found that offspring rs5744455 in CD14 was associated with increased odds of CMV 

seropositivity (OR = 2.83, SE = 0.74, p = 0.0001). CD14 is a pattern recognition receptor of the innate 

immune system, which is believed to sensitize cells to the presence of Gram-negative lipopolysaccharide 

via delivery to the TLR4 signaling complex (150). Infected peripheral blood monocytes are primarily 

CD14+ cells (151), and and CMV virons trigger inflammatory cytokines in a CD14-dependent manner 

(152), consistent with the fact that cellular detection for CMV is primarily based on the combination of 

CD14 and TLR2 (152); however, CMV is capable of entering and establishing infection in cell lines that 

are both CD14 and TLR2 negative (152). Krichen, et al., found no association of CD14 promotor 

polymorphism and CMV infection after kidney transplantation (153), but this is the only other study known 

to the authors to examine CD14 polymorphisms and CMV infection. In light of our negative results of 

CMV IgG and rs574455 (B = 0.62, SE = 0.61, p = 0.3077), and previous literature showing that CD14 is 

not necessary for CMV entry into cells (152), our findings suggest that CD14 variation may influence the 

ability of CMV to establish infection, but additional work is necessary.  

Our study has a number of strengths. JPS-1 participants came from a well-characterized cohort 

that was oversampled for individuals at high risk for CMR from a developmental origins perspective, with 

higher maternal pre-pregnancy BMI and low birth weight. CMR were measured before most of the 

participants had developed overt disease, allowing analysis to be performed without complex exclusions 

or adjustment for multiple comorbidities. The study has a number of limitations as well. As a candidate 

SNP study, we analyzed a limited number of SNPs and in many cases have tag SNPs rather than 

functional variants. Specific lifestyle and demographic characteristics of our population may limit the 

generalizability of our findings. Our novel findings require independent replication. Our study is of modest 

size, which limits statistical power for minor allele frequencies less than 20%, particularly in the setting of 

a large number of statistical tests. The power limitation is illustrated by the non-significant association of 

rs2282679 in the GC gene, a gene widely associated with 25[OH]D in a variety of populations (154-159). 

The estimate of association found in this analysis, B = -1.45, is about 0.16 standard deviations and is 

reasonably consistent with prior studies (155, 160). With our population size, we had inadequate power to 

detect statistical significance at this locus.  
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In conclusion, we report a novel association between rs10894157 in CNTN5 and BMI. We also 

identified possible effect modification of the association between 25[OH]D and LDL cholesterol by 

rs3771170 genotype in IL-18R1.  Our findings, if replicated, will inform molecular and genetic explorations 

of the origins and pathogenesis of dyslipidemia and obesity.   
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Chapter 3. Maternal candidate immune- and vitamin D-related genetic variants and offspring adult 

cardiometabolic risk 

Abstract  

Maternal genotype effects are closely linked to the intrauterine environment which may in turn 

influence offspring adult health and disease. The role of maternal genetic variants in candidate immune- 

and vitamin D- related genes on adult offspring cardiometabolic risk factors (CMR) has not been studied 

previously. Among a subset of participants from a population-based birth cohort study, the Jerusalem 

Perinatal Study, we investigated associations of immune- and vitamin D–related candidate maternal 

SNPs with adult CMR (fasting glucose, lipids, body mass index, blood pressure), cytomegalovirus 

antibody titers (CMV IgG), and 25[OH]D concentrations. We found little evidence for associations 

between maternal genotype and offspring adult CMR. However, we found suggestive evidence of 

maternal genotype-offspring CMV IgG and vitamin D interactions on CMR. The maternal BCL2 SNP 

rs4987853 interacted with offspring CMV IgG on offspring HDL cholesterol (p = 0.0003), with a positive 

association between maternal genotype and offspring HDL (B = 0.76, SE = 0.90, p = 0.402) among 

offspring with CMV IgG of 26.1EU/mL, and a negative association (B -1.22, SE = 0.75, p = 0.102) among 

offspring with CMV IgG of 237.8EU/mL.The maternal IL-1R2 SNP rs4851522 interacted with offspring 

25[OH]D concentrations on offspring LDL cholesterol (p < 0.0001). Among offspring with 25[OH]D 

concentrations of 15.3ng/mL, maternal minor allele at rs4851522 with a 9.06mg/dL increase in offspring 

LDL (SE = 2.79, p = 0.001). Among offspring with 25[OH]D concentrations of 21.3ng/mL, each maternal 

minor allele was associated with a 2.33mg/dL increase in offspring LDL (SE = 2.18, p = 0.286), and 

among offspring with 25[OH]D of 27.4ng/mL, with a 4.51mg/dL decrease in LDL (SE = 2.44, p = 0.065). 

Finally, we report an interaction between maternal rs13143866 in IL-21 with offspring 25[OH]D on 

offspring HDL (p for interaction = 0.0002). Findings, if replicated, suggest potential interactions of 

maternal genotype with offspring adult characteristics on CMR development. Larger, multigenerational 

studies have the potential to enhance our understanding of the developmental origins of CMR through 

detailed characterization of maternal and offspring factors that influence the intrauterine environment.  
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Introduction 

Maternal factors that influence the intrauterine environment, such as maternal genetic variation, 

may play a role in early life offspring programming that will affect later life disease risk. A maternal genetic 

effect on offspring health may be observed due to simple transmission of the causal allele to the offspring 

(161), its effect on the intrauterine environment (162), or through parent-of-origin effects conveyed via 

imprinting (163). To date, the associations between maternal genetic effects on the intrauterine 

environment and offspring health in humans has been most frequently studied in relation to early life 

outcomes. For instance, in mothers with low folate intake during pregnancy, variants in several maternal 

methionine synthase pathway genes are associated with the risk of neural tube defects in the offspring 

(162). Maternal genotype has been associated with offspring outcome independent of offspring genotype 

for TCF7L2 and birthweight (6), Il-6 (7) and IL1A (8) with preterm birth, TGFA and oral clefts (164), and 

TPH1 and attention-deficit hyperactivity disorder (9).  While multiple mouse cross-fostering studies have 

demonstrated that maternal genetic variation has lasting effects on adult offspring body size (165-167), 

there is a paucity of similar data among humans. 

Early life factors involved in the development of adult CMR and overt cardiovascular and 

metabolic disease have most often been studied in the context of maternal over- and under-nutrition  and 

the resulting aberrations in the intrauterine environment (2, 168). Few previous studies have examined 

associations between maternal genetic variation and subsequent offspring adulthood CMR. Recently, our 

group published findings that indicate a role for maternal variation in candidate genes from fetal 

development and CMR pathways in the relationship between maternal gestational weight gain and 

offspring adult Body Mass Index (BMI) (169). Maternal genetic variation in other candidate pathways 

could influence offspring CMR. For instance, there is evidence for relationships between the 

developmental origins of the immune system and CMR (170, 171). Prenatal exposure to the 1918 

influenza pandemic has been associated with excess incident cardiovascular disease among those aged 

60-82 years relative to those born shortly before or after the pandemic exposure window (35). Recently, 

multiple genes have been implicated in host response to influenza in both mice (172) and humans (173), 

indicating that maternal genetic factors at the time of infection may influence the intrauterine environment 

and contribute to observed adult offspring cardiovascular effects. Another, related candidate pathway 
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involves vitamin D, which maintains balance between cell-mediated Th1 immune response and antibody-

mediated Th2 immune response (74), and has widespread functions that may influence CMR (69). Low 

vitamin D during pregnancy have been linked to offspring health outcomes (174-179) and maternal 

Vitamin D Receptor (VDR) genotype has been linked to low birthweight among infants of back mothers 

(94).  However, to our knowledge, no prior study has examined maternal genetic variations in immune- 

and vitamin D-related pathways and adult offspring CMR. 

The current study leverages an existing cohort of maternal-offspring dyads with maternal 

genotypic information and well-characterized young adult offspring to investigate the associations 

between candidate maternal SNPs and adult offspring CMR (Body Mass Index (BMI), fasting glucose, 

fasting triglycerides, Low-Density Lipoproteins (LDL), High-Density Lipoproteins (HDL), systolic blood 

pressure (BP), diastolic BP), CMV antibody titers (CMV IgG), and 25[OH]D concentrations. We also 

examined the potential for effect modification of associations of offspring CMV IgG or 25[OH]D 

concentrations with offspring CMR by maternal genotype.  
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Methods 

Study setting and study population  

This study is based upon data of the Jerusalem Perinatal Study, which collected prenatal, 

perinatal, and post-natal data on all births (n=17,003) to residents of west Jerusalem during 1974-1976. In 

the Jerusalem Perinatal Family Follow-up Study (JPS-1), 1,500 mother-offspring dyads were recruited 

from the original JPS cohort and provided additional interview, physical examination, and biological 

samples. Participants were recruited using a stratified sampling of term (≥ 36 weeks gestation), singleton, 

live offspring births with oversampling of low (≤2500g) and high (≥4000g) birthweight offspring and 

mothers with a pre-pregnancy BMI ≥ 27 kg/m
2
. Mother-offspring dyads with offspring who had congenital 

disorders at birth were excluded.  

Information on maternal lifestyle factors during pregnancy and birthweight of offspring were 

collected from a combination of maternity ward logbooks, birth certificates, and maternal interviews 

conducted on the first or second day postpartum. (117). Maternal blood samples used for genotyping 

were collected during JPS-1. Offspring who self-reported taking medication for high blood pressure (n = 

22), high cholesterol (n = 20), or diabetes (n = 22) were excluded, as well as individuals with a fasting 

time that was missing (n = 234) or fewer than eight hours (n = 97). A maximum of 1,194 mother-offspring 

dyads were available for analysis after these exclusions. Study procedures were approved by the 

Institutional Review Boards of the University of Washington, Seattle (USA), and the Hadassah-Hebrew 

University Medical Center in Jerusalem (Israel). All participants provided informed consent.  

 

Data Collection  

Data collection procedures have been published previously (117). To summarize, data on 

anthropomorphic measurements, lifestyle, and socio-demographic characteristics of the offspring were 

collected during telephone interviews conducted by trained interviewers and physical exams conducted 

between 2007 and 2009. At the time of data collection for JPS-1, the mean age of offspring was 32 

(range 31-33 years). BMI was calculated as weight (kg) divided by squared height (m
2
). Blood pressure 

(BP) was measured as the average of three consecutive measurements performed after five minutes of 

sitting (Omron M7 automated sphygmomanometer). Fasting blood samples were taken using standard 
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procedures. Plasma glucose, HDL, LDL, and triglycerides were measured on the VITROS 5,1FS 

Chemistry System (Ortho Clinical Diagnostics, Raritan, NJ). CMV antibody titers were determined by 

enzyme immunoassay technology using the Immunosimplicity® Is-CMV IgG Test Kit (Diamedix Corp. 

Miami, Florida). Antibody titers are reported as EU/mL, with a value ≥ 10.0EU/mL considered positive for 

anti-CMV IgG. Assays were performed at the University of Vermont Laboratory for Clinical Biochemistry 

Research (Burlington, VT). Plasma vitamin D (25[OH]D)  was measured using liquid chromatography 

tandem mass spectroscopy at the Nutrition and Obesity Research Center, University of Washington 

(Seattle, WA). The sum of 25[OH]D2 and 25[OH]D3 was used in analyses to represent total plasma 

vitamin D concentration.  

   

Gene/SNP selection, DNA extraction and genotyping 

We investigated 111 candidate maternal SNPs characterizing variations in genes involved in 

innate immune function and vitamin D metabolism. (Supplementary Table S1). SNPs were selected from 

previously published studies based on hypothesized functional and biological significance, and known 

associations with phenotypes related to the immune system and vitamin D metabolism.  Extraction and 

amplification of DNA from maternal blood samples was performed using standard methods. Genotyping 

was performed using an Illumina, Inc., BeadArray™ and the TaqmanOpenArray assay at the University of 

California, San Francisco. Quality control measures were taken to ensure quality of the genotyping 

assays. SNPs (n = 3) in violation of Hardy-Weinberg Equilibirum, as determined using a significance level 

that adjusts for the multiple tests performed (p < 0.00044), were excluded from analysis.  

 

Statistical Analyses  

We examined offspring characteristics in the entire study cohort. Means and standard deviations 

were calculated for continuous variables; numbers and percentages for categorical variables. We used 

weighted multiple linear regression models to examine associations of maternal genotype, modeled 

additively, with CMV IgG, 25[OH]D concentrations, BMI, fasting glucose, triglycerides, LDL, HDL, systolic 

BP, and diastolic BP). Ninety-five percent confidence intervals and p-values were calculated using robust 

standard error estimates. Inverse probability sampling weights were based on maternal pre-pregnancy 
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BMI and offspring birthweight sampling strata and non-response rates. The outcome triglycerides was 

natural log-transformed to improve model fit, due to the extreme right-skewness of the distribution of 

triglycerides. CMV IgG was square root-transformed to improve model fit due to the extreme right-

skewness of CMV IgG concentrations and the large number of participants with a CMV IgG titer of zero 

EU/mL, making a log transformation impractical. 

Our models were adjusted for season of blood draw (December-February, March-May, June-

August, September-November) and additional covariates for smoking status (current, former, and never), 

alcohol abstinence (yes/no), intense physical activity participation (yes/no), employment status (yes/no), 

religiosity (Ultra-Orthodox, Religious, and Traditionalist/Secular/Other), socio-economic status (low, 

medium, and high), birthweight, maternal smoking during pregnancy (yes/no), sex, grandparent country of 

origin (Yemen, Kurdistan, Morocco, Iran, Iraq, Other African, Other Asian, and Ashkenazi, using Israel as 

baseline), and BMI except when BMI was the outcome of interest. All covariates were measured on 

offspring.  

We used the Benjamini-Hochberg step-up procedure to adjust for multiple comparisons (118). 

Briefly, this procedure controls the False Discovery Rate (FDR) at our chosen level of 0.05. P-values are 

ranked from smallest to largest and compared to 0.05*k/m, where m is the total number of tests 

performed and k is the rank of the test. All tests with k smaller than the largest k such that p(k) ≤ 0.05*k/m 

are rejected. Each of the nine outcomes were evaluated separately.  

We examined the potential for effect modification by maternal genotype on the relationship of 

offspring CMV IgG and 25[OH]D with offspring CMR for all 111 SNPs that were in Hardy-Weinberg 

Equilibrium (Supplementary Table S1). Maternal genotype was coded as having 0, 1, or 2 minor alleles. 

CMV IgG and 25[OH]D were continuous variables. Multiplicative interaction terms were used and 

evaluated at an exploratory p-value cutoff of 0.05. The models included the outcome, the interaction term, 

main effects terms for both maternal genotype and either CMV IgG or 25[OH]D, and the same adjustment 

covariates used in the main effects models.   

We performed the Sobel-Goodman mediation test to examine CMV IgG and 25[OH]D 

concentrations, separately, as potential mediators in the relationship between genotype and CMR (119).  

An exploratory significance level of 0.05 was used to determine statistical significance. Only those SNP-
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CMR associations that met our criteria for statistical significance after multiple testing adjustment in the 

main effects analysis were carried forward for mediation analysis. 

In sensitivity analyses, we included perinatal maternal characteristics pre-pregnancy BMI and 

gestational weight gain to assess their roles in any associations and examined the effect of excluding 

individuals with a missing fasting time. In the case where multiple maternal SNPs within the same gene 

were found among our top hits in association with one or more CMR, we examined associations of 

genotype combinations with the relevant CMR. Finally, to assess whether any of our candidate maternal 

SNPs were associated with CMV infection rather than immune response, we conducted an analysis of 

our candidate SNPs and CMV seropositivity (≥10EU/mL) as a binary outcome variable. 

Analyses were performed using Stata v10.0 (StataCorp, College Station, TX).  
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Results  

Mean age of offspring participants was 32 years. Selected study offspring characteristics are 

presented in Table 3.1. Mean CMV IgG concentrations were 173.9EU/mL (SD = 237.0); 25[OH]D 

concentration was 22.2ng/dL (SD = 9.1); BMI was 26.2kg/m2 (SD = 5.1). Mean fasting glucose was 80.1 

mg/dL (15.1).  There were no associations of maternal genotypes with offspring CMR that met our criteria 

for statistical significance after Benjamini-Hochberg multiple testing correction (Supplementary Figures 

3.1-3.9). The top hits from the maternal genotype-offspring CMR analyses (p < 0.01) are presented in 

Table 3.2.  Of note, two SNPs (rs751210 and rs12407920) in SLC2A1 related to lower triglycerides were 

among these top hits (Table 3.2); the linkage disequilibrium between these two SNPs was 0.23.   Since 

we found no maternal SNP-offspring CMR associations that met our strict criteria for statistical 

significance (Table 3.2), none were carried forward for mediation analysis.  
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CMV IgG, EU/mL (mean, sd) 173.9 237.0

Total D, ng/mL (mean, sd) 22.2 9.1

BMI, kg/m2 (mean, sd) 26.2 5.1

Glucose, mg/dL (mean, sd) 80.1 15.1

Triglycerides, mg/dL (mean, sd) 105.2 71.3

LDL, mg/dL (mean, sd) 112.2 28.4

HDL, mg/dL (mean, sd) 50.1 14.6

Systolic BP, mmHg (mean, sd) 105.6 12.0

Diastolic BP, mmHg (mean, sd) 71.2 8.0

Birthweight, grams (mean, sd) 3429.2 609.6

Smoking Status (n, %) non 597 59.1

former 138 13.7

current 276 27.3

Alcohol Abstain (n, %) yes 453 44.7

Intense Physical Activity (n, %) yes 307 30.3

Employed (n, %) yes 854 85.7

Orthodoxy (n, %) Ultra-orthodox 172 16.6

Religious 217 20.9

349 62.5

Season (n, %) winter 282 27.2

spring 153 14.7

summer 296 28.5

autumn 307 29.6

SES (n, %) low 236 22.7

medium 369 36.6

high 433 40.7

maternal smoking (n, %) yes 181 17.4

s.d. = Standard Deviation 

*May not sum to total due to missing data 

†Defined as exercise that brings about labored breathing, increased 

pulse rate, and sweating, lasting for at least twenty minutes. 

Table 3.1. Offspring Study Participant  Characteristics. 

Total

N = 1038*

Traditionalist, Secular, or Other
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Outcome Gene SNP Coefficient Robust SE p-value

Square root (CMV IgG) BCL2 rs1564483 -1.55 0.57 0.0067

Square root (CMV IgG) IL-10 rs3024496 -1.22 0.52 0.0185

25[OH]D (ng/dL) CYP2R1 rs10741657 1.60 0.53 0.0027

BMI (kg/m2) BCL2 rs1531697 -0.91 0.32 0.0047

BMI (kg/m2) GC rs2282679 0.90 0.33 0.0061

BMI (kg/m2) MTHFD1L rs572522 -0.77 0.28 0.0050

Glucose (ng/dL) IL-18 rs1834481 -3.65 1.06 0.0006

HDL (mg/dL) MTHFD1 rs1950902 -3.53 1.23 0.0043

LDL (mg/dL) CD53 rs2966952 6.95 2.31 0.0027

ln(Triglycerides) BCL2 rs1564483 0.10 0.03 0.0045

ln(Triglycerides) SLC2A1 rs751210 -0.08 0.03 0.0075

ln(Triglycerides) SLC2A1 rs12407920 -0.10 0.04 0.0124

ln(Triglycerides) IL-6r rs4075015 -0.06 0.03 0.0350

Diastolic BP (mmHg) RXRA rs1045570 -1.52 0.58 0.0089

Diastolic BP (mmHg) CYP27B1 rs4646536 -1.33 0.51 0.0094

Table 3.2. Top hits (p < 0.01) for maternal candidate SNP analysis of offspring CMR 

outcomes.

No p-values presented in this table met Benjamini-Hochberg multiple testing correction 

for statistical significance. 
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Results of the interaction analyses between maternal candidate SNPs and offspring CMV IgG on 

offspring CMR are presented in Table 3.3. A number of interactions (n = 55) met our exploratory 

interaction p-value cutoff of 0.05. Of note, multiple maternal SNPs (rs1800630, rs1799964, and 

rs2229094) in the maternal LTA gene interacted with offspring CMV IgG on offspring 25[OH]D (interaction 

p-values ranging from 0.0013 to 0.006). Both rs1800630 and 1799964 are downstream intergenic 

variants. The maternal SNP rs4987853 in BCL2 had a statistically significant (p = 0.0003) interaction with 

offspring CMV IgG on offspring HDL, which met the same Benjamini-Hochberg criteria used in the 

primary analysis of maternal genotype associations. At an offspring CMV IgG titer of 26.1EU/mL, each 

maternal minor allele at rs4987853 was associated with a nonsignificant 0.76mg/dL increase in HDL (SE 

= 0.90, p = 0.402), with a trend towards a negative association at higher offspring CMV IgG titers: at 

237.8EU/mL, each maternal minor allele was associated with a 1.22mg/dL decrease in offspring HDL (SE 

= 0.75, p = 0.102, Figure 3.1). Two SNPs (rs7558013 and rs7579737) in the maternal IL-18R1 gene 

interacted with offspring CMV IgG on offspring systolic BP (Table 3.3).  

Results of the interaction analyses between maternal candidate SNPs and offspring 25[OH]D 

concentrations on offspring CMR are presented in Table 3.4. A number of interactions (n = 65) met our 

exploratory interaction significance level of 0.05 (Table 3.4). The interaction of maternal rs4851522 

genotype and 25[OH]D concentration (p for interaction = 0.000004) with offspring LDL cholesterol met 

criteria for statistical significance after taking into account multiple comparisons. In offspring with an 

average 25[OH]D concentration of 15.3ng/mL, the association between maternal rs4851522 minor allele 

and offspring LDL was 9.06mg/dL (SE = 2.79, p = 0.001), while among offspring with a 25[OH]D 

concentration of 27.4ng/mL, each maternal minor allele at rs4851522 was associated with a 4.51mg/dL 

decrease in offspring LDL (SE = 2.44, p = 0.065) (Figure 3.2).  

The interaction of maternal rs13143866 genotype in IL-21 and offspring 25[OH]D concentration (p 

for interaction = 0.0002) with offspring HDL cholesterol met criteria for statistical significance after taking 

into account multiple comparisons. In offspring with an average 25[OH]D concentration of 15.3ng/mL, the 

association between maternal rs13143866 minor allele and offspring HDL was 3.60mg/dL (SE = 1.21, p = 

0.003), while among offspring with a 25[OH]D concentration of 27.4ng/mL, each maternal minor allele at 
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rs13143866 was associated with a 0.59mg/dL decrease in offspring HDL (SE = 0.89, p = 0.510) (Figure 

3.3).  

Sensitivity analysis of maternal genotype and offspring CMV seropositivity did not demonstrate 

any statistically significant associations (Supplementary Table S3.4), and exploration of the effects of 

covariate adjustment on statistically significant interactions between maternal genotype and offspring 

CMV IgG or 25[OH]D failed to show major impact of covariate adjustment, including adjusting for the 

maternal perinatal characteristics pre-pregnancy BMI and gestational weight gain (Supplementary Tables 

S3.1, S3.2, S3.3).  
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

25[OH]D (ng/mL) LTA rs1800630 -2.11 0.97 0.0292 0.03 0.05 0.4995 0.18 0.06 0.0045

25[OH]D (ng/mL) LTA rs1799964 -1.92 0.98 0.0499 0.01 0.05 0.8679 0.17 0.07 0.0106

25[OH]D (ng/mL) IL-18 rs1834481 2.41 1.09 0.0272 0.13 0.05 0.0086 -0.21 0.08 0.0126

25[OH]D (ng/mL) CUBN rs1801222 2.43 1.03 0.0185 0.14 0.05 0.0056 -0.19 0.08 0.0176

25[OH]D (ng/mL) LTA rs2229094 -1.85 0.95 0.0528 0.01 0.06 0.8683 0.16 0.07 0.0286

25[OH]D (ng/mL) MTR rs1805087 1.40 1.04 0.1812 0.15 0.05 0.0053 -0.16 0.08 0.0410

25[OH]D (ng/mL) MTHFD1L rs572522 -1.69 0.78 0.0305 -0.03 0.07 0.6636 0.12 0.06 0.0461

BMI (kg/m2) LTA rs1041981 1.53 0.50 0.0021 0.07 0.03 0.0519 -0.10 0.03 0.0030

BMI (kg/m2) CYP2R1 rs1993116 1.26 0.53 0.0187 0.06 0.04 0.0975 -0.11 0.04 0.0083

BMI (kg/m2) IL-19 rs3024496 -0.60 0.50 0.2297 -0.05 0.03 0.1626 0.08 0.04 0.0279

BMI (kg/m2) LTA rs2229094 -1.18 0.48 0.0136 -0.03 0.03 0.3058 0.09 0.04 0.0309

BMI (kg/m2) CYP2R1 rs10741657 0.92 0.53 0.0849 0.03 0.04 0.4189 -0.09 0.04 0.0371

BMI (kg/m2) CD14 rs2563298 0.40 0.48 0.4075 0.06 0.04 0.1131 -0.08 0.04 0.0475

Glucose (mg/dL) MTHFR rs1801133 -1.39 1.17 0.2320 -0.08 0.10 0.4162 0.22 0.09 0.0146

Glucose (mg/dL) MTHFD1L rs175866 -2.30 1.23 0.0620 -0.09 0.09 0.3414 0.19 0.08 0.0224

Glucose (mg/dL) IL-18 rs1834481 -6.54 1.84 0.0004 -0.01 0.07 0.8764 0.30 0.14 0.0278

Glucose (mg/dL) GATA-3 rs1058240 -2.24 1.47 0.1283 0.01 0.08 0.9299 0.22 0.10 0.0283

Glucose (mg/dL) MTHFD1L rs4869713 1.85 1.12 0.0988 0.21 0.10 0.0300 -0.18 0.09 0.0353

Glucose (mg/dL) IL-1R2 rs3218984 -2.75 1.38 0.0470 -0.02 0.08 0.8079 0.21 0.10 0.0370

Glucose (mg/dL) IL-18R1 rs7579737 -2.32 1.30 0.0743 -0.06 0.09 0.5049 0.18 0.09 0.0392

HDL (mg/dL) BCL2 rs4987853 -3.34 1.48 0.0241 -0.16 0.08 0.0430 0.40 0.11 0.0003*

HDL (mg/dL) CD14 rs2569190 1.59 1.21 0.1877 0.25 0.13 0.0487 -0.20 0.09 0.0275

HDL (mg/dL) IL-6 rs1800797 2.33 1.65 0.1585 0.19 0.10 0.0553 -0.27 0.13 0.0302

HDL (mg/dL) CD53 rs2885805 -2.62 1.37 0.0569 -0.10 0.12 0.3970 0.21 0.10 0.0493

LDL (mg/dL) CD36 rs997906 -2.58 2.69 0.3375 -0.36 0.24 0.1359 0.50 0.20 0.0121

LDL (mg/dL) MTHFD1L rs3818056 5.08 2.80 0.0693 0.41 0.21 0.0488 -0.45 0.18 0.0133

LDL (mg/dL) CD14 rs5744455 5.12 3.33 0.1242 0.27 0.19 0.1455 -0.57 0.24 0.0151

LDL (mg/dL) MTHFD1L rs572522 -3.91 2.97 0.1883 -0.36 0.24 0.1393 0.51 0.21 0.0160

LDL (mg/dL) IL-6 rs2069840 -5.14 2.81 0.0674 -0.19 0.20 0.3381 0.48 0.22 0.0273

LDL (mg/dL) FOXP3 rs3761549 7.45 4.60 0.1055 0.12 0.20 0.5653 -0.65 0.32 0.0452

Table 3.3. Top hit (p < 0.05) maternal SNP X offspring CMV IgG interactions in association with offspring CMR outcomes.

SNP association CMV IgG association SNP X CMV IgG Interaction
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

ln(Triglycerides) ABCA1 rs1883025 0.12 0.06 0.0462 0.00 0.00 0.2425 -0.01 0.00 0.0078

ln(Triglycerides) MTRR rs162036 -0.14 0.08 0.0712 -0.01 0.00 0.0313 0.01 0.01 0.0296

ln(Triglycerides) MTRR rs10380 -0.14 0.08 0.0840 -0.01 0.00 0.0810 0.01 0.01 0.0314

ln(Triglycerides) RXRA rs1045570 -0.15 0.06 0.0120 -0.01 0.00 0.1196 0.01 0.00 0.0317

ln(Triglycerides) MTHFR rs1801131 -0.12 0.05 0.0236 -0.01 0.00 0.0609 0.01 0.00 0.0352

ln(Triglycerides) FOXP3 rs3761549 0.13 0.09 0.1380 0.00 0.00 0.6816 -0.02 0.01 0.0458

Systolic BP (mmHg) IL-18R1 rs7558013 -3.88 1.25 0.0019 -0.07 0.06 0.2233 0.35 0.11 0.0013

Systolic BP (mmHg) IL-18R1 rs7579737 -2.69 0.98 0.0063 -0.15 0.08 0.0633 0.23 0.08 0.0043

Systolic BP (mmHg) BCL2 rs4987736 3.47 1.10 0.0017 0.21 0.09 0.0199 -0.23 0.08 0.0071

Systolic BP (mmHg) IL-21 rs13143866 1.52 1.06 0.1528 0.19 0.07 0.0116 -0.21 0.08 0.0081

Systolic BP (mmHg) MTHFD1L rs803471 -1.30 0.90 0.1489 -0.07 0.07 0.2811 0.18 0.07 0.0158

Systolic BP (mmHg) IL-18R1 rs11465596 -2.28 1.52 0.1326 -0.03 0.06 0.6415 0.32 0.14 0.0190

Systolic BP (mmHg) IL-18R1 rs2287033 1.66 0.98 0.0906 0.18 0.09 0.0363 -0.18 0.08 0.0198

Systolic BP (mmHg) MTHFD1L rs4869713 1.68 0.95 0.0776 0.15 0.08 0.0456 -0.17 0.07 0.0211

Systolic BP (mmHg) BCL2 rs4987853 1.74 1.22 0.1550 0.13 0.07 0.0492 -0.19 0.08 0.0216

Systolic BP (mmHg) MTRR rs162036 -2.03 1.44 0.1574 -0.04 0.07 0.5532 0.29 0.13 0.0229

Systolic BP (mmHg) CUBN rs1801231 2.96 1.24 0.0172 0.13 0.06 0.0354 -0.21 0.10 0.0344

Systolic BP (mmHg) CD53 rs2966952 2.30 1.16 0.0488 0.14 0.07 0.0580 -0.20 0.10 0.0436

Diastolic BP (mmHg) MTHFD1L rs4869713 1.84 0.76 0.0161 0.21 0.06 0.0007 -0.16 0.06 0.0067

Diastolic BP (mmHg) MTRR rs162036 -1.73 1.19 0.1481 0.02 0.05 0.7041 0.22 0.10 0.0265

Diastolic BP (mmHg) IL-6 rs1554606 -1.19 0.76 0.1179 0.02 0.05 0.6574 0.12 0.06 0.0382

Diastolic BP (mmHg) IL-6R rs4553185 -1.14 0.72 0.1165 -0.01 0.07 0.8393 0.12 0.06 0.0452

Diastolic BP (mmHg) IL-6 rs1800797 -1.46 0.80 0.0674 0.04 0.06 0.5721 0.13 0.06 0.0470

Diastolic BP (mmHg) MTR rs1805087 1.06 0.91 0.2474 0.12 0.05 0.0236 -0.13 0.07 0.0474

Diastolic BP (mmHg) CUBN rs1801231 1.67 0.99 0.0917 0.15 0.05 0.0031 -0.16 0.08 0.0483

Diastolic BP (mmHg) TLR4 rs7873784 -2.74 0.89 0.0021 0.04 0.05 0.4546 0.15 0.08 0.0499

*Met Benjamini-Hochberg-adjusted criteria for statistical significance.

Table 3.3. Top hit (p < 0.05) maternal SNP X offspring CMV IgG interactions in association with offspring CMR outcomes. (continued)

SNP association CMV IgG association SNP X CMV IgG Interaction
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Square Root (CMV 

IgG) CUBN rs1801222 3.65 1.68 0.0297 0.17 0.06 0.0037 -0.18 0.07 0.0077

Square Root (CMV 

IgG) MTHFD1L rs175866 2.29 1.12 0.0411 0.20 0.07 0.0026 -0.11 0.05 0.0158

Square Root (CMV 

IgG) LTA rs1799964 -3.23 1.49 0.0310 0.03 0.05 0.6023 0.15 0.06 0.0198

Square Root (CMV 

IgG) IL-18R1 rs2080289 3.67 1.54 0.0171 0.14 0.05 0.0026 -0.14 0.06 0.0286

Square Root (CMV 

IgG) IL-18R1 rs7579737 -2.46 1.22 0.0448 0.00 0.06 0.9352 0.11 0.05 0.0310

Square Root (CMV 

IgG) CYP2R1 rs10741657 2.41 1.26 0.0565 0.19 0.06 0.0027 -0.10 0.05 0.0414

Square Root (CMV 

IgG) MTR rs1805087 2.66 1.49 0.0751 0.14 0.05 0.0078 -0.11 0.05 0.0494

BMI (kg/m2) RXRA rs1045570 -3.40 1.01 0.0008 -0.09 0.03 0.0058 0.11 0.04 0.0044

BMI (kg/m2) IL-18R1 rs7579737 1.71 0.65 0.0083 0.00 0.03 0.9298 -0.06 0.03 0.0199

BMI (kg/m2) IL-1R2 rs2110562 -1.19 0.73 0.1023 -0.11 0.04 0.0039 0.07 0.03 0.0224

BMI (kg/m2) CUBN rs1801231 -1.98 0.99 0.0451 -0.08 0.03 0.0183 0.09 0.04 0.0290

BMI (kg/m2) CD36 rs1537593 -1.87 1.04 0.0711 -0.06 0.03 0.0267 0.09 0.04 0.0298

BMI (kg/m2) TLR4 rs11536889 2.84 1.49 0.0572 -0.02 0.03 0.5094 -0.12 0.06 0.0336

BMI (kg/m2) MTRR rs1801394 1.30 0.75 0.0841 0.01 0.04 0.7341 -0.06 0.03 0.0452

BMI (kg/m2) IL-18R1 rs3732127 -1.34 0.73 0.0661 -0.08 0.03 0.0048 0.06 0.03 0.0469

BMI (kg/m2) IL-18R1 rs7558013 1.67 0.97 0.0869 -0.03 0.03 0.3101 -0.07 0.04 0.0486

Glucose (mg/dL) MTHFR rs1801133 -4.56 1.82 0.0125 -0.28 0.09 0.0014 0.24 0.08 0.0025

Glucose (mg/dL) BCL2 rs4940574 -3.48 2.15 0.1055 -0.19 0.08 0.0214 0.19 0.09 0.0260

Glucose (mg/dL) GATA-3 rs1058240 -5.39 2.43 0.0270 -0.19 0.09 0.0267 0.22 0.10 0.0349

Glucose (mg/dL) BCL2 brs4940576 -5.45 2.20 0.0136 -0.21 0.09 0.0244 0.18 0.09 0.0372

Glucose (mg/dL) MTR rs1805087 4.39 2.06 0.0336 -0.07 0.09 0.4623 -0.20 0.10 0.0406

HDL (mg/dL) IL-21 rs13143866 8.90 2.45 0.0003 0.26 0.09 0.0034 -0.35 0.09 0.0002*

HDL (mg/dL) CD14 rs2563298 7.13 2.47 0.0040 0.25 0.09 0.0039 -0.25 0.09 0.0072

Table 3.4. Top hit (p < 0.05) maternal SNP X offspring 25[OH]D interactions in association with offspring CMR outcomes.

SNP association Vitamin D association SNP X Vitamin D Interaction
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

HDL (mg/dL) MTHFD1L rs175866 6.57 2.54 0.0099 0.31 0.11 0.0060 -0.24 0.10 0.0139

HDL (mg/dL) CYP2R1 rs1993116 -6.75 2.73 0.0135 -0.07 0.13 0.5950 0.23 0.11 0.0381

HDL (mg/dL) BCL2 rs1801018 -3.16 2.38 0.1845 -0.05 0.10 0.6033 0.20 0.10 0.0413

HDL (mg/dL) LTA rs1041981 6.80 2.87 0.0180 0.20 0.09 0.0177 -0.23 0.11 0.0414

HDL (mg/dL) IL-1R2 rs3218984 -7.27 2.96 0.0141 -0.01 0.09 0.8780 0.25 0.13 0.0482

LDL (mg/dL) IL-1R2 rs4851522 26.22 5.89 0.00001 0.61 0.19 0.0017 -1.12 0.24 0.000004*

LDL (mg/dL) IL-1R2 rs4851526 13.61 5.01 0.0067 0.65 0.23 0.0040 -0.62 0.20 0.0018

LDL (mg/dL) IL-18R1 rs3771170 12.11 5.72 0.0344 0.51 0.23 0.0246 -0.68 0.23 0.0030

LDL (mg/dL) IL-18R1 rs2287033 8.00 4.58 0.0813 0.56 0.25 0.0240 -0.41 0.18 0.0191

LDL (mg/dL) IL-18R1 rs7579737 -8.02 5.38 0.1367 -0.16 0.22 0.4608 0.46 0.22 0.0338

LDL (mg/dL) IL-1A rs3783546 11.43 6.03 0.0584 0.46 0.24 0.0537 -0.49 0.25 0.0490

ln(Triglycerides) BCL2 rs1801018 0.20 0.08 0.0095 0.00 0.00 0.3360 -0.01 0.00 0.0080

ln(Triglycerides) CD14 rs5744455 0.24 0.10 0.0137 0.00 0.00 0.8687 -0.01 0.00 0.0081

ln(Triglycerides) IL-1B rs1143634 0.15 0.09 0.0708 0.00 0.00 0.6366 -0.01 0.00 0.0246

ln(Triglycerides) IL-1A rs2856836 0.19 0.09 0.0304 0.00 0.00 0.5310 -0.01 0.00 0.0381

ln(Triglycerides) TNFRSF1A rs4149578 0.25 0.12 0.0408 0.00 0.00 0.6838 -0.01 0.01 0.0387

ln(Triglycerides) CD53 rs2966952 0.21 0.11 0.0531 0.00 0.00 0.2988 -0.01 0.00 0.0470

ln(Triglycerides) IL-18 rs549908 0.17 0.10 0.0848 0.00 0.00 0.6516 -0.01 0.00 0.0495

Systolic BP (mmHg) IL-6R rs4845374 5.34 1.82 0.0034 0.10 0.06 0.0804 -0.23 0.07 0.0015

Systolic BP (mmHg) IL-6 rs2069840g 5.50 1.59 0.0005 0.13 0.06 0.0428 -0.19 0.06 0.0032

Systolic BP (mmHg) IL-21 rs2055979 -3.04 1.51 0.0443 -0.15 0.07 0.0417 0.18 0.06 0.0034

Systolic BP (mmHg) IL-18 rs3882891 3.27 1.50 0.0293 0.17 0.07 0.0178 -0.16 0.06 0.0068

Systolic BP (mmHg) CD14 rs5744455 2.85 1.66 0.0874 0.07 0.06 0.2159 -0.16 0.07 0.0129

Systolic BP (mmHg) LRP2 rs2075252 3.36 1.77 0.0577 0.08 0.06 0.2175 -0.18 0.08 0.0162

Systolic BP (mmHg) IL-12(B) rs3212227 -4.46 1.83 0.0151 -0.07 0.06 0.2512 0.19 0.08 0.0222

Systolic BP (mmHg) IL-10 rs3024498 3.35 1.95 0.0866 0.04 0.06 0.5224 -0.18 0.08 0.0257

Systolic BP (mmHg) IL-6R rs4845623 -3.14 1.33 0.0185 -0.07 0.07 0.2785 0.12 0.05 0.0261

Systolic BP (mmHg) IL-18 rs5744280 -2.28 1.46 0.1188 -0.07 0.07 0.3118 0.12 0.06 0.0411

Table 3.4. Top hit (p < 0.05) maternal SNP X offspring 25[OH]D interactions in association with offspring CMR outcomes. (continued)

SNP association Vitamin D association SNP X Vitamin D Interaction
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Diastolic BP (mmHg) LRP2 rs2075252 4.10 1.46 0.0050 0.04 0.06 0.4735 -0.20 0.06 0.0012

Diastolic BP (mmHg) MTRR rs162036 -3.75 1.70 0.0278 -0.13 0.05 0.0177 0.19 0.06 0.0032

Diastolic BP (mmHg) IL-6 rs2069840 3.69 1.29 0.0043 0.04 0.05 0.4132 -0.15 0.05 0.0043

Diastolic BP (mmHg) IL-12(B) rs3212227 -4.44 1.86 0.0168 -0.13 0.05 0.0124 0.20 0.08 0.0088

Diastolic BP (mmHg) MTRR rs10380 -3.47 1.77 0.0509 -0.11 0.05 0.0371 0.16 0.06 0.0128

Diastolic BP (mmHg) FOXP3 rs3761549 6.33 2.27 0.0053 0.00 0.05 0.9808 -0.21 0.08 0.0135

Diastolic BP (mmHg) IL-6R rs4845374 3.36 1.58 0.0339 0.01 0.05 0.8423 -0.14 0.06 0.0183

Diastolic BP (mmHg) MTHFD1L rs572522 -2.03 1.19 0.0882 -0.14 0.05 0.0120 0.10 0.04 0.0196

Diastolic BP (mmHg) MTHFR rs1801131 2.91 1.13 0.0104 0.03 0.06 0.6578 -0.10 0.04 0.0219

Diastolic BP (mmHg) IL-6R rs4845623 -2.43 1.17 0.0384 -0.12 0.06 0.0402 0.10 0.05 0.0319

Diastolic BP (mmHg) TLR3 rs3775291 2.93 1.35 0.0306 0.01 0.06 0.8829 -0.11 0.05 0.0323

Diastolic BP (mmHg) IL-18 rs3882891 2.43 1.22 0.0464 0.06 0.06 0.3310 -0.10 0.05 0.0394

*Met Benjamini-Hochberg-adjusted criteria for statistical significance.

Table 3.4. Top hit (p < 0.05) maternal SNP X offspring 25[OH]D interactions in association with offspring CMR outcomes. (continued)

SNP association Vitamin D association SNP X Vitamin D Interaction
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Figure 3.1. Offspring CMV IgG modifies the association between maternal rs987853 genotype and offspring Systolic BP among study participants 
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Figure 3.2. Offspring 25[OH]D modifies the association between maternal rs4851522 genotype and offspring LDL cholesterol among study 

participants 
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Figure 3.3. Offspring 25[OH]D modifies the association between maternal rs13143866 genotype and offspring HDL cholesterol among study 

participants 

 

 

 



50 
 

Discussion 

In the current study, we investigated associations of candidate maternal SNPs in immune/vitamin 

D genes with various offspring adult CMR, along with exploratory investigation of maternal SNP-offspring 

CMV IgG and maternal SNP-offspring 25[OH]D interactions on offspring CMR outcomes. In our 

population, we failed to find evidence for associations of maternal genotype with offspring CMR. 

However, we found some evidence that maternal genetic variants interact with offspring adult CMV IgG or 

25[OH]D concentration on adult CMR.  Maternal genotype at the rs4987853 SNP in the BCL2 gene 

interacted with offspring CMV IgG on HDL cholesterol (p = 0.0003). Maternal genotype at the rs4851522 

locus in the IL-1R2 gene interacted with offspring 25[OH]D concentration on LDL cholesterol (p < 0.0001), 

and maternal rs13143866 in IL-21 with offspring 25[OH]D concentration on HDL cholesterol (p = 0.0002). 

In addition, several SNP-CMV IgG and SNP-vitamin D interactions were identified with p-values < 0.05, 

our exploratory significance level.  

 To our knowledge, we present the first analyses of maternal immune- and vitamin D-related 

genotype and offspring CMR associations outside of the context of obesity. In a previous report in the 

JPS-1 population, maternal variation in candidate genes related to fetal development and CMR, not 

examined in this analysis, were found to explain some of the relationship between maternal gestational 

weight gain and offspring adult BMI (169). In that study by Wander, et al., genetic risk scores constructed 

from their candidate genes attenuated the magnitude of the association between maternal gestational 

weight gain and adult offspring BMI by 41%, but did not attenuate the relationship between maternal pre-

preganancy BMI and offspring BMI. In our study, we did not find statistically significant associations 

between maternal genetic variation and offspring adult CMR, after multiple testing correction. Additional 

exploration of our negative findings suggests that for the sizes of the associations (Table 3.2), our study 

was underpowered. If indeed maternal genetic variation in SNPs of immune- and vitamin D –related 

genes are associated with adult offspring CMR, effect sizes may be smaller than we anticipated. We did 

find two maternal SNPs in SLC2A1 among our top (p < 0.01) hits in association with offspring 

triglycerides. Exploratory analysis of genotype combinations at these two loci (Supplementary Table S3.5) 

did not provide evidence for a haplotype association of maternal SLC2A1 and offspring triglycerides.  
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In exploratory analyses of maternal SNP-offspring CMV IgG and maternal SNP-offspring 

25[OH]D interactions on adult offspring CMR, we found evidence of statistical interaction with a few SNPs 

in each case (Tables 3.3, 3.4). We report here an interaction between the maternal BCL2 SNP rs4987853 

and offspring CMV IgG on offspring HDL. This particular SNP is in the 3’UTR region, but is not known to 

cause functional changes in the BCL2 protein, nor has it been reported to be associated with other 

disease phenotypes. This association was fairly robust to changes in covariate adjustment and addition of 

a variable representing offspring rs4987853 genotype to the model, but was attenuated by the addition of 

the interaction between offspring rs4987853 genotype and offspring CMV IgG to the model 

(Supplementary Table S3.2).  In addition, the interaction between offspring rs4987853 genotype and 

offspring CMV IgG on offspring HDL was observed in our population (p for interaction = 0.001), though 

not statistically significant after multiple testing correction. It is possible that the statistically significant 

interaction with maternal genotype is truly an interaction between offspring CMV IgG and offspring 

genotype, as maternal and offspring genotypes are correlated. BCL2 codes for a protein that suppresses 

apoptosis of cells (180), and maternal BCL2 is important in embryo implantation and survival (181) and 

fetal-maternal alignment of regulatory T cells correlates with BCL2 upregulation during pregnancy (182), 

indicating that maternal BCL2 may have intergenerational effects. Regulatory T cells, or an imbalance 

between regulatory and Th1 T cells, have been implicated in lipid metabolism (183) and atherosclerotic 

changes (183, 184). A study of low birthweight, overweight children found a relationship between BCL2 

function, measured by a biomarker of apoptosis, and lipid homeostasis (185). Furthermore, there is 

evidence that CMV may inhibit apoptosis of infected cells by modulating host BCL2 family proteins (185); 

specifically, that viral proteins reduce BAX levels (186); BAX itself heterodimerizes with BCL2 during the 

apoptosis process (180). Our findings of an association between a maternal BCL2 variant and lower 

offspring HDL cholesterol at higher levels of offspring CMV IgG may relate to complex interactions 

between regulatory T cells, immune-directed apoptosis of virally infected cells, and intergenerational 

immune programming.  

Of note, the interaction between maternal IL1R2 SNP rs4851522 and offspring 25[OH]D 

concentration on offspring LDL met the criteria for statistical significance that we applied to our main 

effects analyses. Specifically, we found that the presence of one or more maternal minor alleles inverts 
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the association of offspring 25[OH]D and LDL (Figure 3.2). This association did not change with the 

addition of offspring genotype at this locus to the model (Supplementary Table 3.3). Additional exploration 

of models with dominant and recessive genotype demonstrated that the interaction was fairly robust to 

changes in the genotype model (Supplementary Table S3.7). The SNP rs4851522 is an intronic variant 

within IL-1R2, a decoy receptor that regulates the pro-inflammatory cytokine IL-1 by binding to it and 

preventing its binding to signaling receptors (187). It is not associated with any phenotypes in the 

literature to date, nor is this intronic SNP predicted to result in functional protein changes. IL-1R2 

expression is induced by the Th2 cytokine, IL-4 (187). Its expression is lower in monocytes from 

individuals with familial combined hyperlipidemia , and in vitro studies show a decrease in expression of 

IL-4, an inducer of IL-R2 (188), when incubated with low density lipoproteins (187). The active form of 

25[OH]D increases the transcription of IL-1B, a ligand of IL-1R2 (189), but also induces production of IL-4 

(190), an inducer of IL-1R2, in a VDR-dependent manner (188). Interaction between 25[OH]D and IL-1R2 

is therefore plausible, but replication of our finding and biological study is necessary to elucidate the exact 

mechanism. The link between vitamin D, lipids, and the immune system is demonstrated in several rare 

conditions. For instance, in individuals with familial combined hypercholesterolemia often have low 

25[OH]D concentrations, which has been shown to improve with statin therapy (191). In patients receiving 

treatment not including statins for rheumatoid arthritis, treatment reduces dyslipidemia along with disease 

symptoms (192, 193). Khoo, et al., showed that both 25[OH]D and IL-1B, among other cytokines, exhibit 

an inverse pattern of seasonal variation (194). IL-1B, a ligand of IL-1R2, has been shown in vitro to be 

downregulated (195) and upregulated (26, 189) in activated macrophages. In reference to the somewhat 

contradictory results of 1,25[OH]2D3 on various aspects of the immune system, Cantorna, et al., suggest 

that host vitamin D status, local expression of vitamin D metabolism genes, and other factors impact the 

effects of vitamin D on immune function (196), which is consistent with the results presented here, if not 

especially illuminating.  

We report here an interaction between the maternal IL-21 SNP rs13143866 and offspring 

25[OH]D concentration on offspring HDL. This interaction is fairly robust to the inclusion or exclusion of 

covariates in the model (Supplementary Table S3.3), including the offspring  SNP and its interaction with 

offspring 25[OH]D. IL-21 is a Th2 cytokine that inhibits the differentiation of naïve helper T cells into Th1 
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cells (197). Deficiency of the active form of vitamin D increases differentiation into Th17 cells, which in 

turn normally have upregulated IL-21 production, but does not specifically increase transcription of IL-21 

in Th17 cells (198). IL-21 can down-regulate IL-2 expression and partially substitute for the role of IL-2, 

except for the differentiation of regulatory T cells (199). This particular SNP has been associated with 

Graves’ Disease (200), recurrent spontaneous miscarriage (201), and Juvenile Idiopathic Arthritis (202), 

indicating that it could play a role in altering the intrauterine environment via the maternal immune 

system, though as an intronic SNP it does not yet have a known functional consequence. Previous 

studies have demonstrated the role of an inappropriate Th1 bias in atherosclerosis (43, 203), and HDL 

cholesterol inhibits the development of atherosclerotic lesions via cholesterol transport and inhibition of 

foam cells (204). The interaction presented here reports an association between maternal rs13143866 

and increased HDL cholesterol only in the presence of vitamin D deficiency. An imbalance between Th17 

and regulatory T cells has been implicated in a mouse model of atherogenesis (184), providing some 

support for how variation in IL-21 could contribute to altered cholesterol levels within the same individual; 

however, the literature does not currently provide studies either supporting or eliminating the role of 

maternal IL-21 variation on adult offspring cholesterol levels, nor the modulating role of offspring 

25[OH]D. While our findings require replication before more focused investigation can take place, our 

results, in combination with previous studies (162, 205) emphasize the importance of effect modification 

by offspring-related environmental factors when studying the lasting effects of maternal genotype on their 

offspring. In general, maternal genetic effects can occur in two ways: inheritance or effects on the 

intrauterine environment. We do not see evidence that the effect modification of maternal IL-1R2 is 

mediated in some way by the offspring allele (Supplementary Table 3.3), nor is IL-1R2 known to be in an 

imprinted region, which precludes the suspicion of parent-of-origin effects. The other mechanism for the 

effect is due to influence of genotype on the intrauterine environment. In our particular results, the 

perturbation in the intrauterine environment resulting from maternal allelic variation of IL-1R2 would need 

to program an offspring LDL cholesterol pathway to respond differently to the active metabolite of 

25[OH]D. Such mechanistic evidence does not currently exist and is needed to determine whether the 

association reported here is causal.  
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Strengths of the current study include the following. Detailed records of maternal and offspring 

characteristics obtained at several timepoints were available in the JPS. We measured CMR in offspring 

at a relatively young age, before the development of multiple comorbidities that would potentially 

complicate the analysis. Because of availability of measures of adult offspring biomarkers, CMV IgG and 

25[OH]D concentration, that represent offspring exposures, we were able to examine gene-environment 

interactions between maternal genotype and offspring characteristics on offspring CMR.   

There are also a number of limitations to this study. We analyzed a limited number of candidate 

SNPs. Specific lifestyle and demographic characteristics of our population, such as the narrow 

geographical range and nearly 17% of our participants self-identifying as of the Ultra-Orthodox Jewish 

religion may limit the generalizability of our findings.  We lack biomarker measurements of the intrauterine 

environment that would facilitate the distinction between direct and indirect effects of maternal genotype. 

Finally, all of our measures of CMR were taken at the same time point, making the temporality of CMV 

IgG and 25[OH]D associations with CMR questionable.  

In conclusion, our findings indicate that maternal genetic effects may play a role in adult offspring 

CMR development. Future work should involve additional genetic variants to better characterize immune- 

and vitamin D-related pathways in larger study populations to enable the investigation of small 

associations. Mechanisms behind observed associations also constitute other potential future areas of 

research. Similar work in carefully designed studies has the potential to better our understanding of the 

life course and developmental origins of CMR and cardiovascular diseases.   
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Chapter 4. Maternal-offspring candidate immune and vitamin D-related genotype interactions and 

offspring adult cardiometabolic risk 

Abstract  

While previous work demonstrates the early life origins of cardiometabolic risk factors (CMR), the 

role of interaction between maternal and offspring genetic variants in this process remains under-

investigated. In a population-based birth cohort study, the Jerusalem Perinatal Study, we examined 

associations of immune- and vitamin D–associated candidate single nucleotide polymorphisms (n = 91) 

with offspring adult (age 32) cytomegalovirus antibody titers, 25[OH]D concentrations, body mass index, 

glucose, fasting lipids, and blood pressure. Maternal-offspring genotype interactions were assessed using 

interaction terms included in weighted linear regression models. We found evidence for maternal-

offspring genotype interaction in relation to offspring diastolic blood pressure at the MTRR locus 

rs1532268 (p = 0.0004), with suggestive interaction on offspring systolic blood pressure (p = 0.0008). 

Other suggestive interactions were found at MTHFD1L SNPs rs572522 and rs4869959 in offspring 

triglycerides (p = 0.0.0005, 0.0020, respectively). Future larger studies have the potential to enhance 

understanding of contributions of maternal-offspring genotype interactions to the developmental origins of 

CMR. 
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Introduction 

While previous work demonstrates the early life origins of cardiometabolic risk (CMR) and 

cardiovascular diseases (CVD) (2, 3), the role of maternal-offspring genotype interactions in this process 

remains underexplored. Previous research investigating interactions between maternal and offspring 

genetic variation has largely focused on a small but diverse group of offspring outcomes: hemolytic 

disease of the newborn (10), neural tube defects (13), and schizophrenia (14). For example, in maternal-

fetal Rh incompatibility a sensitized Rh-negative mother produces antibodies against her Rh-positive 

fetus; this results in hemolytic disease of the newborn and was formerly a major cause of neonatal 

morbidity and mortality (10). On the other hand, maternal and offspring genotype interactions have been 

reported for maternal outcomes that directly influence the intrauterine environment, and thus fetal growth 

and programming. For example, in preeclampsia, maternal-offspring genetic interactions involving 

multiple genes in different pathways have been implicated, including IGF1 involved in offspring growth 

(11), LTA involved in inflammation, VWF in coagulation, and COL4A2 in tissue structure (12). 

Intergenerational gene-gene interaction studies in adult CMR development have been limited by 

the long time period it takes for the phenotype to manifest and the difficulty of accruing appropriate study 

populations with genotypic data on both mothers and their offspring. The importance of identifying 

“missing heritability” in the post-Genome-Wide Association Study era motivates further work in this area. 

Interestingly, recent evidence suggests the importance of mother-offspring genotype interactions in the 

persistence of risk alleles in the population (206). Maternal-offspring genotype interactions may influence 

outcomes through their effect on the intrauterine environment, both of which can have long term 

consequences on offspring CMR.   

Immune response and vitamin D concentration are related to a diverse set of physiologic 

functions and abnormalities have been linked to adverse consequences on maternal and perinatal health 

with direct implications on the intrauterine environment in both animal (33, 207) and human  (86-93, 208-

211) studies. Menon, et al., report a three-locus interaction between maternal TNFA, IL-6, and IL-6R and 

spontaneous preterm birth (211). Variation in genes that influence immune response and inflammation 

(212-215), as well as vitamin D metabolism (158, 216, 217), have also been associated with CMR. 

However, maternal-offspring genotype interactions have not been examined in the context of early life 
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origins of offspring adult CMR. To this end, we selected 97 SNPs in 42 genes in immune function, vitamin 

D metabolism, and imprinted regions for maternal and offspring genotype interaction analyses with 

respect to offspring adult CMR in an existing cohort of mother-offspring dyads.  
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Methods 

Study setting and study population  

The current study was conducted in the setting of the Jerusalem Perinatal Study (JPS). JPS is a 

population-based birth cohort study that includes detailed post-partum records of all births to residents of 

Jerusalem between 1974 and 1976. Detailed information on data collection has been published 

previously (117). Data on sociodemographics, maternal medical conditions, and offspring birthweight was 

abstracted from medical records at the time of birth. Additional information on lifestyle and maternal 

medical conditions was collected during interviews on the first or second day postpartum. The JPS Family 

Follow-Up Study (JPS-1) recruited a stratified sub-sample of 1,500 offspring and their mothers from the 

original 1974-1976 JPS birth cohort who were recontacted, interviewed, and examined between 2007 and 

2009. Offspring in JPS-1 were singleton, term (≥ 36 weeks) live births without congenital malformations. 

Offspring were oversampled for low (≤2500g) and high (≥4000g) birthweight and for having had mothers 

categorized as overweight (≥27kg/m
2
 BMI) before pregnancy.  

For the current study, offspring who self-reported taking medication for high blood pressure (n = 

22), high cholesterol (n = 20), or diabetes (n = 22) were excluded, as were offspring with a fasting time 

that was missing (n = 234) or fewer than eight hours (n = 97). A maximum of 1,194 mother-offspring 

dyads were available for analysis after these exclusions. Study procedures were approved by the 

Institutional Review Boards of the University of Washington, Seattle (USA), and the Hadassah-Hebrew 

University Medical Center in Jerusalem (Israel). All participants provided informed consent. 

 

Data collection  

At the time of data collection for JPS-1, the mean age of offspring was 32 (range 31-33 years). 

Data on offspring sociodemographic, lifestyle, and anthropomorphic characteristics were collected during 

physical exams and telephone interviews conducted between 2007 and 2009. BMI was calculated as 

weight (kg) divided by squared height (m
2
). Blood pressure (BP) was measured as the average of three 

consecutive measurements performed after five minutes of sitting (Omron M7 automated 

sphygmomanometer). Fasting blood samples were taken using standard procedures. Plasma glucose, 

HDL, LDL, and triglycerides were measured on the VITROS 5,1FS Chemistry System (Ortho Clinical 
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Diagnostics, Raritan, NJ). Plasma vitamin D (25[OH]D)  was measured using liquid chromatography 

tandem mass spectroscopy at the Nutrition and Obesity Research Center, University of Washington 

(Seattle, WA). The sum of 25[OH]D2 and 25[OH]D3 was used in analyses to represent total plasma 

vitamin D concentration. CMV antibody titers (CMV IgG) were determined by enzyme immunoassay 

technology using the Immunosimplicity® Is-CMV IgG Test Kit (Diamedix Corp. Miami, Florida). Antibody 

titers are reported as EU/mL, with a value ≥ 10.0EU/mL considered positive for anti-CMV IgG. CMV IgG 

assays were performed at the University of Vermont Laboratory for Clinical Biochemistry Research 

(Burlington, VT).  

 

Gene/SNP selection and genotyping 

SNPs were selected based on previously published work, known functional and/or biological 

significance, relation to the immune system and vitamin D metabolism, and/or previously described 

imprinting regions. Extraction and amplification of DNA from maternal and offspring blood samples was 

conducted using standard methods. Genotyping was conducted using an Illumina, Inc., BeadArray™ 

(Illumina, City, State) and TaqmanOpenArray assays (Life Sciences, Foster City, CA) at the University of 

California, San Francisco. An expected minor allele frequency of at least 20% among mothers and 

offspring was used to select the SNPs for the final set. SNPs were required to be in Hardy-Weinberg 

Equilibrium in both generations. A detailed list of the 91 SNPs is shown in Supplementary Table S1.  

Statistical Analyses  

We examined participant characteristics in the entire study cohort. Means and standard 

deviations were calculated for continuous variables; numbers and percentages for categorical variables. 

We used weighted multiple linear regression models to examine associations between genotype, 

modeled additively, and CMR (BMI, fasting glucose, HDL, LDL, triglycerides, systolic blood pressure (BP), 

and diastolic BP), CMV IgG, and 25[OH]D.   

Interaction terms were created as the product of maternal genotype and offspring genotype, 

assuming an additive genetic model. An example regression equation is shown in equation 1:  

 (1) 

 [ ]                 (     )               
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The interaction term (MG*OG) can take on the values 0, 1, 2, and 4. In general, the coefficient of 

interest, β3, can be interpreted as the expected change in the outcome Y associated with each additional 

minor allele, whether belonging to the mother or the offspring, among dyads where both mother and 

offspring already have at least one copy of the minor allele, beyond the expected change in Y associated 

with the additional minor allele in dyads where either mother or offspring is homozygous for the major 

allele. Main effects terms for both offspring and maternal genotypes (β1 and β2, respectively) were also 

included in the model. Ninety-five percent confidence intervals and p-values were calculated using robust 

standard error estimates. The outcome triglycerides was natural log-transformed to improve model fit. 

CMV IgG was square root-transformed to improve model fit due to several orders of magnitude contained 

within the range of CMV IgG concentrations.  

Our models were adjusted for season of blood draw (December-February, March-May, June-

August, September-November) and additional covariates for smoking status (current, former, and never), 

alcohol abstinence (yes/no), intense physical activity participation (yes/no), employment status (yes/no), 

religiosity (Ultra-Orthodox, Religious, and Traditionalist/Secular/Other), socio-economic status (low, 

medium, and high), birthweight, maternal smoking during pregnancy (yes/no), sex, and grandparent 

country of origin (Yemen, Kurdistan, Morocco, Iran, Iraq, Other African, Other Asian, and Ashkenazi, 

using Israel as baseline), and BMI except when BMI was the outcome of interest. All covariates, except 

offspring birthweight and maternal smoking during pregnancy, were measured in offspring at 

approximately age 32.  

We used the Benjamini-Hochberg step-up procedure to adjust for multiple comparisons (118). 

Briefly, this procedure controls the False Discovery Rate (FDR) at our chosen level of 0.05. P-values are 

ranked from smallest to largest and compared to 0.05*k/m, where m is the total number of tests 

performed and k is the rank of the test. All tests with k smaller than the largest k such that p(k) ≤ 0.05*k/m 

are rejected. Each of the nine outcomes was evaluated separately.  

Analyses were performed using Stata v10.0 (StataCorp, College Station, TX).  
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Results 

The list of evaluated SNPs (n = 91) for this analysis is shown in Supplementary Table S1 and 

offspring characteristics in Table 4.1. Top hits (p < 0.01) for the candidate SNP maternal-offspring 

interaction analyses are presented in Table 4.2. No interactions met our pre-specified criteria for 

statistical significance after multiple testing correction.  
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CMV IgG, EU/mL (mean, sd) 179.9 242.7

Total D, ng/mL (mean, sd) 21.8 9.0

BMI, kg/m2 (mean, sd) 26.2 5.1

Glucose, mg/dL (mean, sd) 80.0 15.3

Triglycerides, mg/dL (mean, sd) 105.1 72.9

LDL, mg/dL (mean, sd) 112.3 28.8

HDL, mg/dL (mean, sd) 50.1 14.6

Systolic BP, mmHg (mean, sd) 105.7 11.9

Diastolic BP, mmHg (mean, sd) 71.2 8.1

Birthweight, grams (mean, sd) 3409.1 618.7

Smoking Status (n, %) non 691 59.4

former 154 13.2

current 318 27.3

Alcohol Abstain (n, %) yes 544 46.6

Intense Physical Activity (n, %) yes 343 29.4

Employed (n, %) yes 963 83.7

Orthodoxy (n, %) Ultra-orthodox 226 18.9

Religious 242 20.3

726 60.8

Season (n, %) winter 332 27.8

spring 191 16.0

summer 340 28.5

autumn 331 27.7

SES (n, %) low 236 22.7

medium 369 35.6

high 592 41.8

maternal smoking (n, %) yes 181 17.4

†Defined as exercise that brings about labored breathing, increased 

pulse rate, and sweating, lasting for at least twenty minutes. 

Table 4.1. Offspring Study Participant Characteristics. 

Total

N = 1194*

Traditionalist, Secular, or Other

s.d. = Standard Deviation 

*May not sum to total due to missing data 
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

25[OH]D (ng/mL) TLR3 rs3775291 -0.70 0.90 0.4346 -2.03 0.73 0.0057 2.05 0.73 0.0049

25[OH]D (ng/mL) IL-1R2 rs3218984 -2.02 0.84 0.0160 -0.92 0.91 0.3104 2.75 1.00 0.0063

BMI (kg/m2) BCL2 rs4940574 -0.54 0.50 0.2781 -1.40 0.52 0.0076 1.80 0.60 0.0029

BMI (kg/m2) SLC2A1 rs710221 -0.93 0.52 0.0741 -1.07 0.51 0.0370 1.16 0.44 0.0090

HDL (mg/dL) IL-10 rs3024498 3.56 2.15 0.0980 1.95 1.51 0.1979 -5.64 1.97 0.0043

LDL (mg/dL) BCL2 rs4940576 5.47 3.28 0.0953 6.53 3.18 0.0404 -8.72 3.17 0.0061

ln(Triglycerides) MTHFD1L rs572522 0.21 0.06 0.0002 0.12 0.05 0.0263 -0.16 0.05 0.0005

ln(Triglycerides) MTHFD1L rs4869959 0.17 0.06 0.0044 0.06 0.05 0.2322 -0.17 0.05 0.0020

Systolic BP (mmHg) MTRR rs1532268 -2.23 1.19 0.0605 -4.01 1.20 0.0009 3.49 1.03 0.0008

Systolic BP (mmHg) BCL2 rs2046136 2.74 1.10 0.0126 2.33 1.06 0.0277 -3.44 1.12 0.0022

Diastolic BP (mmHg) MTRR rs1532268 -2.11 0.99 0.0328 -3.45 0.96 0.0003 2.99 0.84 0.0004

Diastolic BP (mmHg) KCNQ1 rs231362 -2.21 0.97 0.0236 -2.37 0.94 0.0117 2.37 0.89 0.0081

Table 4.2. Results of maternal-offspring genotype interaction analysis. Top hits (p-value < 0.01)

Offspring SNP association Maternal SNP association

Maternal-Offspring Genotype 

Interaction
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Number of 

maternal alleles

Number of 

offspring alleles Number of dyads Coefficient Standard Error p-value

2 2 43 1.49 1.47 0.3120

1 2 76 -1.49 1.42 0.2950

0 1 91 -2.23 1.19 0.0610

1 1 162 -2.75 1.07 0.0110

2 1 69 -3.26 1.44 0.0240

1 0 119 -4.01 1.20 0.0010

Table 4.3. Linear combinations of coefficients comparing the expected change in systolic 

blood pressure for mother-offspring genotype combinations at MTRR SNP rs1532268, 

compared to both mother and offspring homozygous for the major allele. 

Number of 

maternal alleles

Number of 

offspring alleles Number of dyads Coefficient Standard Error p-value

2 2 43 0.85 1.25 0.4940

1 2 76 -1.68 1.17 0.1520

0 1 91 -2.11 0.99 0.0330

1 1 162 -2.57 0.85 0.0030

2 1 69 -3.02 1.15 0.0090

1 0 119 -3.45 0.96 < 0.0005

Table 4.4. Linear combinations of coefficients comparing the expected change in 

diastolic blood pressure for mother-offspring genotype combinations at MTRR SNP 

rs1532268, compared to both mother and offspring homozygous for the major allele. 
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 The maternal-offspring interaction at rs1532268 in MTRR was also among the top hits for both 

systolic (p = 0.0031, Table 4.5) and diastolic (p = 0.0017, Table 4.6) BP, and the interaction coefficient β3 

is in the opposite direction from the main effects (Table 4.2). The stratum where both mother and 

offspring were homozygous for the minor allele contained 43 dyads. Compared to dyads where both 

mother and offspring are homozygous for the major allele, offspring who are also homozygous for the 

major allele, but whose mothers are heterozygous, have an expected systolic blood pressure 4.11mmHg 

lower (SE = 1.23, p = 0.001) and expected diastolic blood pressure 3.50mmHg lower (SE = 0.98, p < 

0.0005). Offspring belonging to dyads where the only copy of the minor allele in the dyad is of paternal 

origin have blood pressures that are not expected to be different from dyads in which both are 

homozygous for the major allele (systolic p = 0.198, diastolic p = 0.081). However, in both types of blood 

pressure, the presence of additional minor alleles attenuates the relationship.  

 The mother-offspring genotype interaction at a MTHFD1L SNP (rs572522) on triglycerides had a 

p-value for interaction of 0.0009. Offspring of mother-offspring dyads where both were homozygous for 

the major allele had similar triglyceride levels compared with offspring in mother-offspring dyads where 

both were homozygous for the minor allele (ratio = 1.02) (Table 4.5). In contrast, dyads with other 

genotype combinations had slightly elevated triglycerides compared to dyads where both mother and 

offspring were homozygous for the major allele or the minor allele. Furthermore, nonsignificant interaction 

was observed at another MTHFD1L SNP locus (rs4869959) (p-value = 0.0020) in relation to triglycerides, 

with similar magnitudes of association for offspring main effects and maternal-offspring interaction to 

those observed for the MTHFD1L SNP rs572522 (Table 4.2).  

 Sensitivity analysis to determine the impact of covariate adjustment did not reveal substantial 

influence of BMI (Supplementary Table 4.1) nor of other covariates (Supplementary Table 4.2).  
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0 1 2

0 reference 1.23 NA

1 1.12 1.18 1.25

2 NA 1.14 1.02

Table 4.5. Expected ratio of triglycerides compared to a 

mother-offspring dyad where both are homozygous for the 

major allele at rs572522. 

Number of offspring minor 

alleles

Number of maternal 

minor alleles 
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Discussion 

In this study, we found limited evidence for maternal-offspring genotype interactions at candidate 

SNPs in candidate genes of immune- and vitamin D-related pathways. We observed a significant 

maternal-offspring interaction at MTRR SNP rs1532268 on both diastolic BP, and a nonsignificant 

interaction in systolic BP and at multiple SNPs (rs572522 and rs4869959) in the MTHFD1L gene on 

offspring triglyceride levels. To our knowledge, this is the first study to investigate maternal-offspring 

immune- and vitamin D-related genotype interactions with respect to adult offspring CMR.  

 We found evidence of interaction at MTRR SNP rs1532268 on offspring diastolic blood pressure, 

and suggestive, though nonsignificant, interaction on offspring systolic blood pressure. This SNP, also 

known as the C524T polymorphism, results in an amino acid change from serine to leucine and is 

expected to result in a less functional methionine synthase reductase protein (218). Pushpakumar, et al., 

demonstrated that dietary folic acid supplementation in a mouse model of induced hypertension could 

reduce hypertension (219), but other evidence for the methionine synthase pathway and BP is mixed. 

While rs153268 has not been studied in the context of blood pressure previously, another MTRR 

polymorphism was found not to be associated with essential hypertension (220). Another gene in the 

same pathway, MTHFR, has been associated with hypertension (146, 221), but definitive evidence is still 

lacking. If indeed the methionine synthase pathway is related to blood pressure in this manner, we might 

expect polymorphisms resulting in less-functional MTRR to result in increased blood pressure, but this 

was not the case in our analysis of offspring rs153268 and offspring BP (results not shown). In the 

analysis of maternal-offspring genotype interactions, no statistical difference was seen in the BP of 

offspring in dyads where both mother and offspring were homozygous for the minor allele compared to 

when both were homozygous for the major allele (Tables 4.3, 4.4), and the strongest association was 

seen to reduce systolic (B = -4.01, SE = 1.20, p = 0.001) and diastolic (-3.45, SE = 0.96, p < 0.0005) BP 

among offspring when only the mother had a copy of the minor allele, compared to double homozygous 

major dyads. In both interaction analyses, the coefficient for maternal genotype effect was negative, and 

for the maternal-offspring genotype effect positive (Table 4.2), which is not readily consistent with any 

hypothesized mechanism of maternal-offspring genotype interaction. While finding an association in 
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rs153268 of MTRR on BP is not inconsistent with some of the literature on the subject, chance must be 

ruled out before this finding is investigated further.  

It is noteworthy that the top two SNPs (p-values<0.01) where we observed potential mother-

offspring genetic interactions in relation to triglycerides were both in the MTHFD1L gene. After exploring 

linear combinations of model coefficients, we did not observe a consistent and obvious interaction 

pattern, such as maternal-fetal incompatibility. Formyltetrahydrofolate synthetase, encoded by the 

MTHFD1L gene, is involved in tetrahydrofolate synthesis, which in turn supports methylation reactions via 

the methionine pathway. Functional polymorphisms within this gene have been associated with neural 

tube defects (222). Maternal folic acid intake has been shown to alter DNA methylation in offspring in both 

human (223) and animal studies (224); we therefore included a number of folic acid metabolism SNPs in 

our candidate analysis to investigate potential maternal-offspring genotype interactions, which we 

hypothesized would act via changes in DNA methylation in other genes. Previous associations between 

MTHFD1L SNP rs6922269, a SNP tagged by SNP rs4869959 in our study, and coronary heart disease 

have been described in a meta-analysis (225, 226). However, the SNP was not associated with any 

tested biomarkers of CMR, including fasting lipids and measures of glycemic control.   

 Some strengths of this study deserve mention. The JPS-1 subset of the JPS birth cohort had both 

maternal and offspring genotypes and long term follow-up information until young adulthood, which 

makes it uniquely suitable for the current study. Offspring were phenotypically well-characterized at an 

average of 32 years old with respect to CMR, and their young age allowed study of CMR without multiple 

comorbidities that would result in loss from follow-up or medication effects that would otherwise 

complicate analyses. The candidate SNP selection process allowed us to focus on common variations in 

specific pathways as well as imprinted genes. Finally, we examined multiple CMR outcomes which 

provide opportunity to assess pleotropic effects of SNPs. 

 This study had a number of limitations as well. We analyzed a limited number of candidate SNPs 

and many of them are tag SNPs rather than known functional variants. While we had good power at some 

minor allele frequencies, we had less than 80% power to detect interaction associations smaller than 40% 

of the standard deviation of the outcome of interest. The generalizability of our findings may be limited by 

specific lifestyle and demographic characteristics of our population. Furthermore, we lack the necessary 
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data, such as maternal biomarkers measured during gestation or detailed offspring phenotypes at birth, to 

confirm that our statistical associations are driven by biological changes.  

In the maternal-offspring genotype interaction analyses, we report some evidence for maternal-

offspring genotype interactions in adult offspring CMR among our candidate genes. Previous literature 

has found evidence that interactions between maternal and offspring genotypes at the same genetic 

locus are risk factors for offspring disease (10-14).  

Particular attention should be paid to the limitations of the statistical analysis, which was 

conducted by creating interaction terms as the product of maternal genotype and offspring genotype, 

assuming an additive genetic model. While there exist models (227) with less restrictive ways of 

identifying statistical interaction between maternal and offspring genotype, the primary advantage of the 

one chosen here is a power gain, particularly for loci with allele frequencies at or near 20% with our 

sample size. It is expected to perform well with respect to power in the situation where each additional 

minor allele confers additional benefit or risk with respect to the outcome. This type of interaction has 

been reported previously with respect to preterm birth (228). Antagonistic interactions between maternal 

and offspring genotype have also been reported (10, 12); while our model may identify the interaction, the 

mechanism may be misattributed in the absence of additional biological information due to the nature of 

our chosen interaction term. A more appropriate model in the situation exists (227), but this model does 

not allow for paternal imprinting and the interaction term has less power in other interaction mechanisms. 

Interactions between maternal and offspring genotype at different loci have also been reported (11, 229). 

Due to power constraints we did not test for these, but the possibility should not be discounted. Finally, it 

must be emphasized that the analysis of maternal-offspring genotype interactions was intended to be 

exploratory. Results should be interpreted cautiously, with more emphasis on informing future work than 

explicit interpretation of individual regression results. 

 In conclusion, we found suggestive evidence for maternal-offspring genetic interactions at 

multiple SNPs in the MTHFD1L gene with offspring triglycerides, as well as MTRR on systolic and 

diastolic blood pressure. Besides future replication efforts, larger numbers of mother-offspring dyads with 

data on genetic variation, maternal intrauterine environment, and long-term follow-up of offspring for CMR 
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development are needed to examine contributions of maternal-offspring geotype interactions to the 

developmental origins of CMR. 
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Chapter 5: Summary and Discussion 

 In this dissertation, we investigated genetic variants in the immune system and vitamin D 

metabolism in the context of the developmental origins of adult CMR in mother-offspring dyad participants 

of the Jerusalem Perinatal Study. In Chapter 2, we identified candidate SNPs in genes related to the 

immune system and vitamin D metabolism, and found that offspring variation at rs10894157 in CNTN5 

was associated with lower BMI among our JPS-1 offspring, and that this relationship did not appear to be 

mediated by either CMV IgG nor 25[OH]D concentration. Similarly, we found two SNPs in SLC2A1, 

rs841858 and rs3820548, associated with offspring LDL, and rs841858 associated with triglycerides. We 

also found suggestion of effect modification of associations between offspring CMR with both CMV IgG 

and 25[OH]D concentration by offspring genotype. In particular, the associations of rs3771170 in IL-18R1 

with LDL and rs1950902 in MTHFD1 with systolic BP were modified by 25[OH]D. In Chapter 3, we 

analyzed candidate maternal SNPs in genes related to the immune system and vitamin D metabolism 

and offspring CMR, but did not find significant associations. However, we did find evidence for effect 

modification of associations between maternal genotype and offspring CMR by offspring CMV IgG and 

25[OH]D. In particular, maternal rs4987853 in BCL2 interacted with offspring CMV IgG on offspring HDL 

cholesterol, and maternal rs4861522 in IL-1R2 and maternal rs13143866 in IL-21, respectively, interacted 

with offspring 25[OH]D concentration on offspring LDL cholesterol. Finally, in Chapter 4, we investigated 

maternal-offspring genetic interactions within candidate SNPs in genes related to the immune system and 

vitamin D metabolism and their associations with offspring CMR. Though only one of the interactions was 

statistically significant, we found suggestion of such interaction among our study population, including 

interactions at SNPs in MTRR on systolic and diastolic BP, as well as SNPs in MTHFD1 on triglycerides.   

Some observations across the three studies deserve mention. Interactions between offspring 

25[OH]D concentrations and offspring IL-18R1 (β3 = -0.80, SE = 0.21, p = 0.0002), and between offspring 

25[OH]D and maternal IL-1R2 (β3 = -1.11, SE = 0.24, p < 0.0001) were observed. The ligand of IL-18R1, 

IL-18, is a proinflammatory cytokine within the IL-1 family (133), presenting the possibility that the 

maternal genetic associations may be mediated through offspring genotype. Inclusion of the offspring 

genotype as a covariate in the maternal genotype-offspring CMR model did not change the magnitude of 

the maternal SNP-offspring 25[OH]D interaction substantively (Supplementary Table S3.1). Similarly, 
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inclusion of the maternal genotype as a covariate in the offspring genotype-offspring CMR model did not 

change the magnitude of the offspring SNP-offspring 25[OH]D interaction substantively (Supplementary 

Table S2.1). However, it should be noted that these two genes, IL-18R1 and IL-1R2, are located 

approximately 100,000 base pairs apart on Chromosome 2 and several other IL-1 family genes are also 

nearby, including IL-1R1 between them (230). In light of the close physical proximity of these two SNPs, it 

is our opinion that the possibility of a single variant intermediate between these two candidate SNPs 

being the true cause of the association should not be discounted. Similar situations may exist for other 

SNPs evaluated in our project.  

 In chapters 2 and 3, we identified associations between offspring and maternal SNPs in SLC2A1 

with offspring triglycerides, respectively, among our top hits (Tables 2.2, 3.2). In sensitivity analyses 

presented in Supplementary Table S3.9, we examined the effect of adding the offspring top hit SNPs to 

models of the maternal genotype associations with offspring triglycerides. While neither maternal SNP 

was statistically significant to begin with, the association of maternal rs751210 with offspring triglycerides 

was substantially attenuated by the addition of either offspring rs841858 or rs3820546 to the model. The 

association between maternal rs12407920 and offspring triglycerides was less statistically significant, and 

slightly attenuated with the addition of offspring genotype as well (Table S3.9). These nonsignificant 

maternal genotype associations with offspring triglycerides identified in Chapter 3 may be due to 

correlation with offspring genotype at nearby loci.  

There are multiple mechanisms by which maternal genotype, independently of offspring 

genotype, can be responsible for offspring phenotype. A study by Zhang, et al., selected maternal genetic 

variants that had been previously shown to influence serum IgE within an individual (231) and 

demonstrated associations with offspring IgE in childhood, independent of the offspring’s genotype at 

these loci of interest, and furthermore that the associations differed depending on environmental factors 

experienced by the offspring (232). Zhang, et al., go on to suggest several possible mechanisms for the 

influence of maternal genotypes on offspring phenotypes. Due to the close alignment of maternal and 

fetal immune systems during pregnancy, maternal Th1/Th2 balance may affect that of the fetus. Others 

have proposed that maternal antibodies and/or cytokines may mediated their effects on the offspring by 

direct transplacental transport (233, 234). Other early life environmental factors, such as breast feeding 
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and the nutrient and antibody content of breast milk, or maternal behavior, may be influenced by maternal 

genetic factors and in turn affect offspring development during the critical period of rapid perinatal and 

immediate postnatal growth. Thirdly, maternal genotype may alter epigenetic programming during 

intrauterine or early life development. Given that maternal history of atopy is a stronger predictor of 

offspring atopy than paternal history of atopy (235), researchers have taken this to mean that epigenetic 

programming of offspring plays a major role in how maternal factors influence offspring (235, 236), though 

it is certainly not the only plausible way. Animal studies support the role of epigenetics as well: in rats, 

maternal nurturing behaviors towards their offspring are associated with differential DNA methylation 

patterns that arise within the first week of life, are reversible with a change in maternal behavior brought 

on by cross-fostering, and persist into adulthood (237).  

 In Chapter 4, we reported evidence for a maternal-offspring genotype interaction in adult offspring 

diastolic blood pressure at rs1532268 in MTRR. The chosen model, illustrated in Equation 1, is expected 

to perform well with respect to power in the situation where each additional minor allele confers additional 

benefit or risk with respect to the outcome (227). While our model may identify an interaction, the 

mechanism could be misattributed in the absence of additional biological information due to the nature of 

our chosen interaction term. Finally, it must be emphasized that the analysis of maternal-offspring 

genotype interactions was intended to be exploratory. Results should be interpreted cautiously, with more 

emphasis on informing future work than explicit interpretation of individual regression results. 

Overall, the present dissertation has a number of strengths. The JPS-1 participants came from a 

well-characterized cohort that was oversampled for individuals at high risk for CMR from a developmental 

origins perspective. CMR were measured before most of the participants had developed overt disease, 

allowing analysis to be performed without complex exclusions or adjustment for multiple comorbidities. 

The presence of maternal genotype allowed some assessment of a factor that can influence the 

intrauterine environment on our CMR outcomes. The candidate gene/SNP selection process allowed us 

to focus on common variations in specific pathways. Finally, we examined multiple CMR outcomes which 

provided opportunity to assess pleotropic effects of SNPs. 

There are limitations to this dissertation as well. Due to reasons of cost, minor allele frequency, 

and genotyping assay, many of our candidate SNPs were tag SNPs rather than SNPs with known 
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structural implications on the protein product. This adds additional steps in future confirmatory work to 

identify the causal polymorphism in replicated findings. The statistical limitations of our interaction model 

constrain the types of maternal-offspring genotype interactions we are most likely to pick up in the 

analysis at the expense of other types, as discussed in detail above and in Chapter 4. We had good 

statistical power at some combinations of minor allele frequency and association magnitude, but less 

power to detect genetic associations in both offspring and maternal candidate SNPs at minor allele 

frequencies of less than 20%, regardless of association magnitude, and less than 80% power to assess 

interaction associations smaller than 40% of the standard deviation of the outcome of interest, regardless 

of minor allele frequency. Specific lifestyle and demographic characteristics of our population, such as the 

narrow geographical range and nearly 17% of our participants self-identifying as of the Ultra-Orthodox 

Jewish religion may limit the generalizability of our findings. All CMR outcomes were measured at the 

same time, and so a temporal relationship between CMV IgG or 25[OH]D and other CMR cannot be 

inferred from our data. We also lack data on prenatal maternal biomarkers, which limits our assessment 

of maternal characteristics influencing the intrauterine environment.  

In sum, our findings provide some evidence demonstrating that maternal and offspring immune 

and vitamin D metabolism related genetic variations, as well as their interactions play a role in the 

developmental origins of offspring CMR.  In addition to replication of our major findings reported here, 

future studies can augment this area of research with careful design. Use of family triads or extended 

pedigrees as the study population would improve the ability to detect a wider variety of maternal and 

paternal genotype effects by allowing for the differentiation of parent-of-origin effects from maternal 

genotype effects or maternal-offspring genotype interactions in a constrained statistical model, or the use 

of a more flexible statistical model, though triads are not strictly necessary for investigation of just 

maternal-offspring interactions. A larger study population could not only improve statistical power to 

detect associations at small minor allele frequencies, but enable use of a more saturated interaction 

model to better describe maternal-offspring genotype interactions. Finer mapping of candidate genes, 

such as with a genome-wide association study, may allow for more precise localization of causal alleles, 

though potentially at a power loss due to the larger number of comparisons required in analyses. Our 

SNP-CMV IgG and SNP-25[OH]D interactions could be characterized as gene-gene-environment 



75 
 

interactions. While the environment has an obvious impact on CMV IgG titer and 25[OH]D concentration, 

genetic variation also plays a key role. Therefore, CMV IgG titer and 25[OH]D concentration, by 

themselves, represent a confluence of gene-environment interactions. With respect to the maternal SNP 

analyses in Chapter 3, maternal SNPs, through their effects on maternal health, could represent an 

environmental exposure, particularly of the intrauterine environment, at the level of the offspring. 

Assessment of maternal biomarkers during pregnancy would improve characterization of the intrauterine 

environment and allow for more detailed investigations of gene-gene, gene-environment, and gene-gene-

environment interactions acting during that critical period, and prospective follow-up of CMR would 

establish temporality. Overall, a better understanding of the mechanisms of early life and developmental 

origins of adult diseases and risk factors, such as CMR, has the potential to help in disease prevention or 

early identification of susceptible populations.  
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Appendix A: List of Candidate SNPs 

Gene Name SNP Type

Offspring 

Minor Allele 

Frquency

Offspring Hardy-

Weinberg 

Equilibrium p-value

Maternal 

Minor Allele 

Frquency

Maternal Hardy-

Weinberg 

Equilibrium p-value

ABCA1 rs1883025 intron 0.27 0.5148 0.28 0.8031

APH1B1
rs17184382 intergenic 0.45 0.3024 0.44 0.4187

BCL22
rs1531697 intron 0.17 0.4351 0.18 0.3341

BCL2 rs1542578 intron 0.42 0.1609 0.41 0.6990

BCL2 rs1564483 3'UTR 0.21 0.8535 0.23 1.0000

BCL2 rs1801018 synonymous 0.39 0.7944 0.39 0.2112

BCL2 rs2046136 intron 0.33 0.6725 0.34 0.8354

BCL24
rs2850761 intron 0.48 0.5761 0.49 0.0001

BCL2 rs4940574 intron 0.21 0.9256 0.20 0.3240

BCL2 rs4940576 intron 0.30 1.0000 0.29 0.9400

BCL2 rs4987736 intron 0.43 1.0000 0.43 0.7035

BCL2 rs4987853 3'UTR 0.25 0.6237 0.24 0.7959

BCL22
rs7242542 intron 0.11 0.7456 0.12 0.4681

C8orf82/ZNF341
rs2294120 intron 0.39 0.2262 0.40 0.2943

CCR5 rs2734648 intron 0.44 0.0079 0.45 0.2572

CD14 rs2563298 3'UTR 0.32 0.1713 0.32 0.1951

CD14 rs2569190 intron 0.47 0.7087 0.46 0.1352

CD142
rs5744455 upstream 0.19 0.6898 0.21 0.7031

CD36 rs1537593 intron 0.09 1.0000 0.10 1.0000

CD36 rs1953299 intron 0.48 0.1339 0.45 0.0227

CD36 rs3173804 intron 0.47 0.4540 0.46 0.4518

CD36 rs997906 intron 0.39 0.3261 0.37 0.0152

CD53 rs2885805 intron 0.45 0.6051 0.45 0.4216

CD532,3
rs2966952 0.10 < 0.0001 0.20 0.1372

CNTN5 rs10894157 intron 0.24 0.2861 0.26 0.7257

CRP rs1130864 3'UTR 0.28 0.9363 0.29 1.0000

CUBN rs1801222 missense 0.16 0.6412 0.18 0.8199

CUBN2
rs1801231 missense 0.17 0.1076 0.16 0.1818

CYP24A1 rs6013897 intergenic 0.26 0.4521 0.26 0.4926

CYP27B1 rs4646536 intron 0.22 0.2400 0.01 0.5848

CYP2R1 rs10741657 upstream 0.29 0.2756 0.28 0.2777

CYP2R14
rs12794714 synonymous 0.48 0.0008 0.48 < 0.0001

CYP2R1 rs1993116 intron 0.30 0.3200 0.29 0.6256

FCGR2A rs1801274 missense 0.44 0.8963 0.42 0.2186

FOXP33
rs3761548 intron 0.50 < 0.0001 0.50 0.3761

FOXP32,3
rs3761549 intron 0.10 < 0.0001 0.09 0.1322

GATA-32,3
rs1058240 3'UTR 0.12 0.0001 0.14 0.8894

GATA-3 rs3802604 intron 0.45 0.6974 0.43 1.0000

GC rs2282679 intron 0.27 0.1403 0.29 0.8724

IL-10 rs3024496 3'UTR 0.37 0.1705 0.37 0.3510

IL-10 rs3024498 3'UTR 0.15 1.0000 0.16 0.0019

IL-12(B) rs3212227 3'UTR 0.24 0.2180 0.24 0.2696

Table S1. Candidate SNPs.
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Gene Name SNP Type

Offspring 

Minor Allele 

Frquency

Offspring Hardy-

Weinberg 

Equilibrium p-value

Maternal 

Minor Allele 

Frquency

Maternal Hardy-

Weinberg 

Equilibrium p-value

IL-182
rs1834481 intron 0.12 0.4515 0.13 0.3982

IL-18 rs549908 synonymous 0.27 1.0000 0.27 0.6940

IL-18 rs5744280 intron 0.43 0.2804 0.41 0.1773

IL-18R12
rs11465596 intron 0.09 0.7187 0.10 0.7356

IL-18R12
rs2080289 intron 0.19 0.3580 0.18 0.3459

IL-18R1 rs2287033 intron 0.43 1.0000 0.42 0.7489

IL-18R1 rs3732127 3'UTR 0.22 0.9270 0.22 0.7181

IL-18R1 rs3771170 intron 0.24 0.0896 0.24 0.4887

IL-18R12
rs7558013 intron 0.15 0.6276 0.16 0.9093

IL-18R1 rs7579737 intron 0.39 0.4748 0.40 0.7458

IL-1A rs2856836 3'UTR 0.37 0.8420 0.38 0.8948

IL-1A rs3783546 intron 0.26 0.5736 0.24 0.3548

IL-1B rs1143634 synonymous 0.31 0.5116 0.31 0.1897

IL-1R2 rs2110562 intron 0.47 0.5743 0.49 1.0000

IL-1R2 rs3218984 intron 0.23 0.4334 0.22 0.7161

IL-1R22
rs4851522 intron 0.17 0.1772 0.16 0.4258

IL-2 rs2069772 intron 0.20 0.0127 0.21 0.3582

IL-21 rs2221903 intron 0.25 0.1947 0.24 0.0772

IL-21 rs13143866 intron 0.29 0.0555 0.29 0.0361

IL-21 rs2055979 intron 0.38 0.2940 0.38 0.2130

IL-42,3,4
rs2070874 5'UTR 0.14 0.0004 0.17 0.0001

IL-6 rs1800797 intergenic 0.22 0.6425 0.45 0.2413

IL-6 rs1554606 upstream 0.28 0.8165 0.28 0.2191

IL-6 rs2069840 upstream 0.27 0.1835 0.27 0.0396

IL-6R2
rs1386821 intron 0.14 0.1519 0.14 1.0000

IL-6R rs2229238 3'UTR 0.18 0.5321 0.18 0.3430

IL-6R rs4075015 intron 0.50 0.8521 0.49 0.2913

IL-6R rs4553185 downstream 0.45 0.0327 0.43 0.4093

IL-6R2
rs4845374 intron 0.16 0.8416 0.16 0.0273

IL-6R rs4845623 intron 0.39 0.0315 0.42 0.1400

KCNK91
rs2468677 intergenic 0.46 0.6526 0.46 0.3851

KCNQ11
rs231362 intron 0.39 0.1761 0.38 0.1022

KLF131
rs4779526 intergenic 0.24 0.0215 0.25 0.1091

KLF131
rs8034505 intergenic 0.34 0.7233 0.36 0.0025

KLF141
rs4731702 intergenic 0.37 0.5772 0.37 0.0049

LILRA32,4
rs386000 intergenic 0.10 0.0024 0.11 < 0.0001

LRP2 rs2075252 missense 0.21 0.5582 0.23 0.7731

LRP2 rs2229263 missense 0.31 0.0716 0.31 0.8754

LRP22
rs4667591 missense 0.18 0.9150 0.20 0.0887

Table S1. Candidate SNPs. (continued)
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Gene Name SNP Type

Offspring 

Minor Allele 

Frquency

Offspring Hardy-

Weinberg 

Equilibrium p-value

Maternal 

Minor Allele 

Frquency

Maternal Hardy-

Weinberg 

Equilibrium p-value

LTA rs1799964 intergenic 0.20 0.2848 0.21 0.2195

LTA2
rs1800630 intergenic 0.14 1.0000 0.14 0.1983

LTA rs1041981 missense 0.26 0.9329 0.25 1.0000

LTA rs2229094 missense 0.26 0.0065 0.30 0.0069

MTHFD1 rs1076991 5'UTR 0.47 0.2094 0.48 0.0144

MTHFD12
rs1950902 missense 0.12 0.5512 0.12 0.3266

MTHFD1L rs1555179 intron 0.29 0.2268 0.30 0.8815

MTHFD1L rs175866 intron 0.45 0.0085 0.45 0.8504

MTHFD1L rs3818056 intron 0.39 0.5559 0.39 0.0132

MTHFD1L rs4341013 intron 0.20 0.0822 0.22 0.7118

MTHFD1L rs4869713 intron 0.33 0.2052 0.34 0.5805

MTHFD1L rs4869959 intron 0.20 0.6278 0.21 0.7761

MTHFD1L rs572522 intron 0.44 0.7530 0.45 0.7057

MTHFD1L rs6940322 intron 0.35 0.3401 0.36 0.0103

MTHFD1L rs803471 intron 0.30 0.0474 0.30 0.3387

MTHFD1L rs9478878 intron 0.30 0.5563 0.29 0.6521

MTHFR rs1801131 missense 0.34 0.6290 0.35 0.3711

MTHFR rs1801133 missense 0.38 0.5512 0.37 0.8940

MTR2
rs1805087 missense 0.18 0.4441 0.19 0.0802

MTRR2
rs10380 missense 0.13 0.0281 0.15 0.4940

MTRR rs1532268 missense 0.39 0.0580 0.40 0.3978

MTRR2
rs162036 missense 0.16 0.3278 0.17 0.8084

MTRR rs1801394 missense 0.44 0.5550 0.43 0.1267

RXRA rs1045570 3'UTR 0.21 0.2835 0.22 0.6927

SLC2A12
rs12407920 intron 0.10 0.0195 0.11 0.3299

SLC2A1 rs3754219 intron 0.42 0.4076 0.41 0.5198

SLC2A1 rs3820546 intron 0.47 0.4544 0.46 0.4160

SLC2A1 rs3820548 intron 0.30 1.0000 0.31 0.1881

SLC2A1 rs710221 intron 0.43 0.5688 0.43 0.7994

SLC2A1 rs751210 intron 0.37 0.0821 0.36 0.1376

SLC2A1 rs841853 intron 0.33 0.1404 0.34 0.7830

SLC2A12
rs841858 intron 0.16 0.1945 0.16 0.2860

SLC7A10/PEPD1
rs8182584 intron 0.47 0.3030 0.48 0.5913

Table S1. Candidate SNPs. (continued)
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Gene Name SNP Type

Offspring 

Minor Allele 

Frquency

Offspring Hardy-

Weinberg 

Equilibrium p-value

Maternal 

Minor Allele 

Frquency

Maternal Hardy-

Weinberg 

Equilibrium p-value

TLR2 rs3804099 synonymous 0.43 0.7945 0.41 0.4099

TLR3 rs3775291 missense 0.28 0.9366 0.30 0.0053

TLR42
rs11536889 3'UTR 0.11 0.0234 0.11 0.2290

TLR42
rs7873784 3'UTR 0.18 0.1537 0.20 0.3408

TNF2
rs3093664 intron 0.09 1.0000 0.09 0.1340

TNFRSF1A rs1800693 intron 0.43 0.6561 0.44 0.2055

TNFRSF1A2
rs4149578 intron 0.08 0.3904 0.08 0.0397

1Only included in Chapter 4 analysis (imprinted)
2Not included in Chapter 4 analysis due to MAF < 0.2
3Not included in Chapter 2 or 4 analysis due to violation of offspring Hardy-Weinberg Equilibrium (p < 0.00044)
4Not included in Chapter 3 or 4 analysis due to violation of maternal Hardy-Weinberg Equilibrium (p < 0.00044)

Table S1. Candidate SNPs. (continued)
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Association Model Coefficient Robust SE p-value

Original model -1.31 0.31 0.000018*

Without eight covariates 

describing ethnicity
-1.35 0.30 0.000008

With sex as only covariate -1.44 0.28 0.000000

With mppbmi, gwg -1.14 0.28 0.000048

with missing fasting -1.31 0.31 0.000020

Original model -7.33 2.10 0.0005*

without bmi -7.02 2.20 0.001400

Without eight covariates 

describing ethnicity -6.90 2.12 0.001200

With sex as only covariate -4.50 1.82 0.014000

With mppbmi, gwg -5.89 1.78 0.000999

with missing fasting -7.33 2.10 0.000500

Original model -5.84 1.75 0.0009*

without bmi -5.56 1.83 0.002500

Without eight covariates 

describing ethnicity -5.65 1.76 0.001400

With sex as only covariate -4.50 1.82 0.014000

With mppbmi, gwg -5.89 1.78 0.000999

with missing fasting -5.84 1.75 0.000904

Original model -0.12 0.03 0.0004*

without bmi -0.11 0.03 0.001300

Without eight covariates 

describing ethnicity -0.11 0.03 0.000680

With sex as only covariate -0.10 0.03 0.002600

With mppbmi, gwg -0.12 0.03 0.000247

with missing fasting -0.12 0.03 0.000350

Association of 

rs841858 with 

triglycerides (natural 

log-transformed)

Table S2.1. Sensitivity analyses of significant results.

Association of 

rs10894157 with 

BMI

Association of 

rs841858 with LDL

Association of 

rs3820548 with LDL

Appendix B: Supplementary Tables for Chapter 2 
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Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Original Model 16.75 5.34 0.0034 0.67 0.23 0.0030 -0.87 0.22 0.0001

Without BMI 17.19 5.72 0.0030 0.60 0.24 0.0130 -0.88 0.23 0.0016

Without eight covariates 

describing ethnicity
15.36 5.23 0.0030 0.60 0.22 0.0070 -0.80 0.21 0.0008

With mppbmi, gwg 17.06 5.52 0.0020 0.72 0.24 0.0030 -0.90 0.23 0.0001

With sex, bmi, season of blood 

draw only
13.74 0.51 0.0070 0.57 0.21 0.0060 -0.72 0.20 0.0004

with missing fasting 16.75 5.34 0.0018 0.67 0.23 0.0033 -0.87 0.22 0.0001

With maternal rs4851522 

genotype
16.72 5.34 0.0020 0.67 0.23 0.0040 -0.86 0.22 0.0001

With offspring rs4851522 

genotype
16.75 5.36 0.0020 0.67 0.23 0.0030 -0.87 0.22 0.0001

With offspring rs4851522 

genotype-25[OH]D interaction
16.45 5.26 0.0020 0.69 0.23 0.0030 -0.85 0.22 0.0001

With maternal rs4851522 

genotype-offspring 25[OH]D 

interaction*

13.66 5.00 0.0060 0.99 0.23 0.0000 -0.74 0.21 0.0004

*maternal interaction p < 0.0005

Table S2.2. The interaction between offspring rs3771170 and 25[OH]D on LDL is robust to covariate inclusion/exclusion. 

SNP association 25[OH]D association SNP X 25[OH]D Interaction
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Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Original Model 5.85 2.03 0.0041 0.08 0.06 0.1721 -0.28 0.08 0.0004*

Without BMI 6.15 2.13 0.0040 0.03 0.06 0.6550 -0.30 0.08 0.0004

Without eight covariates 

describing ethnicity
5.78 2.01 0.0040 0.10 0.06 0.0890 -0.28 0.08 0.0005

With mppbmi, gwg 5.90 2.05 0.0040 0.08 0.06 0.1720 -0.29 0.08 0.0003

With sex, bmi, season 

of blood draw only
5.53 1.94 0.0050 0.07 0.05 0.1550 -0.26 0.08 0.0119

with missing fasting 5.85 2.03 0.0040 0.08 0.06 0.1721 -0.28 0.08 0.0004

Table S2.3. The interaction between offspring rs1950902 and 25[OH]D on Systolic BP is robust to covariate 

inclusion/exclusion. 

SNP association 25[OH]D association SNP X 25[OH]D Interaction

Gene SNP Odds Ratio Std Err p-value

CD14 rs5744455 1.04 0.26 0.0001*

BCL2 rs4940576 0.56 0.19 0.0030

TLR3 rs3775291 0.51 0.23 0.0245

MTRR rs1801394 0.50 0.23 0.0296

BCL2 rs4940574 0.48 0.24 0.0472

Table S2.4. Sensitivity analysis of CMV 

positivity and offspring genotype. 

*Met BH cutoff for statistical significance. 
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number of rs841858 

minor alleles 

number of rs3820548 

minor alleles Coefficient Std Err p-value 

0 1 -2.89 3.28 0.3790

0 2 -8.50 4.91 0.0840

1 1 -7.89 3.01 0.0090

2 1 -11.72 5.58 0.0360

2 2 -15.61 6.54 0.0170

Table S2.5. Combination genotype analysis of SLC2A1 SNPs rs841858 

and rs3820548 on LDL cholesterol. Zero minor alleles at each locus 

used as baseline, minimum 10 participants required in each stratum. 

number of rs841858 

minor alleles 

number of rs3820546 

minor alleles Coefficient Std Err p-value 

0 1 0.09 0.06 0.1420

0 2 0.10 0.07 0.1660

1 1 -0.01 0.07 0.8690

1 0 -0.13 0.08 0.1040

2 0 -0.10 0.09 0.2730

Table S2.6. Combination genotype analysis of SLC2A1 SNPs rs841858 

and rs3820548 on triglycerides (natural log-transformed). Zero minor 

alleles at each locus used as baseline, minimum 10 participants 

required in each stratum. 
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Model

Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Additive 16.75 5.34 0.0018 0.67 0.23 0.0033 -0.87 0.22 0.0001

Dominant -3.16 2.67 0.2370 0.14 0.20 0.4830 0.11 0.14 0.4390

Recessive 11.06 11.29 0.3270 0.26 0.18 0.1640 -0.98 0.41 0.0180

Table S2.7. Comparison of additive, dominant, and recessive genotype models in the interaction between 

rs3771170 in MTHFD1 and 25[OH]D concentration on LDL. 

SNP association 25[OH]D Association SNP X 25[OH]D Interaction

Model

Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Additive 5.85 2.03 0.0041 0.08 0.06 0.1721 -0.28 0.08 0.0004

Dominant 5.58 1.74 0.0010 0.07 0.06 0.2040 -0.26 0.06 < 0.0005

Recessive 9.42 4.17 0.0240 0.00 0.06 0.9930 -0.60 0.15 < 0.0005

Table S2.8. Comparison of additive, dominant, and recessive genotype models in the interaction between 

rs1950902 in MTHFD1 and 25[OH]D concentration on systolic BP. 

SNP association 25[OH]D Association SNP X 25[OH]D Interaction
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Appendix C: Supplementary figures S2.1-S2.9: Graphical representations of the results of candidate SNP 
analyses on nine CMR-related outcomes.  

 

 

Figure S2.1: Results of candidate SNP – CMV IgG association analyses.  
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Figure S2.2: Results of candidate SNP – 25[OH]D association analyses.  
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Figure S2.3: Results of candidate SNP – BMI association analyses.  
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 Figure S2.4: Results of candidate SNP – Fasting Glucose association analyses.  
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Figure S2.5: Results of candidate SNP – HDL association analyses.  
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Figure S2.6: Results of candidate SNP – LDL association analyses.  
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Figure S2.7: Results of candidate SNP – natural logarithm-transformed triglycerides association analyses.  
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 Figure S2.8: Results of candidate SNP – Systolic Blood Pressure association analyses.  
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Figure S2.9: Results of candidate SNP – Diastolic Blood Pressure association analyses 
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Appendix D: Supplementary Tables for Chapter 3. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Original Model 26.22 5.89 0.00001 0.61 0.19 0.0017 -1.12 0.24 0.000004*

Without BMI 26.63 6.37 0.0000 0.54 0.20 0.0080 -1.16 0.26 0.0000

Without eight covariates 

describing offspring ethnicity
26.20 5.94 0.0000 0.57 0.19 0.0030 -1.11 0.24 0.0000

With mppbmi, gwg 27.50 6.11 0.0000 0.65 0.20 0.0010 -1.18 0.25 0.0000

with missing fasting 26.22 5.89 0.0000 0.61 0.19 0.0017 -1.12 0.24 0.0000

With sex, bmi, season of blood 

draw only
25.09 5.84 0.0000 0.61 0.17 0.0005 -1.05 0.24 0.0000

With offspring rs4851522 

genotype
27.23 5.15 0.0000 0.61 0.19 0.0016 -1.13 0.24 0.0000

Including eight covariates 

describing maternal ethnicity
27.21 5.92 0.0000 0.62 0.19 0.0012 -1.14 0.24 0.0000

With maternal IL-18R1 

rs3771170 genotype
26.18 5.99 0.0000 0.57 0.19 0.0020 -1.12 0.25 0.0000

With maternal IL-18R1 

rs3771170-offspring 25[OH]D 

interaction

23.92 6.11 0.0001 0.80 0.23 0.0005 -1.02 0.26 0.0001

With offspring IL-18R1 

rs3771170-offspring 25[OH]D 

interaction

23.84 5.84 0.0000 0.98 0.23 0.0000 -1.03 0.24 0.0000

Table S3.1. The interaction between maternal rs4851522 and offspring 25[OH]D on offspring LDL is robust to covariate 

SNP association vitd association SNP X vitdInteraction
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Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Original Model -3.34 1.48 0.0241 -0.16 0.08 0.0430 0.40 0.11 0.0003*

Without BMI -3.81 1.53 0.0130 -0.17 0.09 0.0460 0.41 0.12 0.0005

Without eight covariates 

describing offspring ethnicity
-3.06 1.42 0.0320 -0.17 0.08 0.0310 0.39 0.11 0.0007

With mppbmi, gwg -3.38 1.51 0.0260 -0.18 0.08 0.0290 0.41 0.11 0.0003

with missing fasting -3.34 1.78 0.0241 -0.16 0.08 0.0430 0.40 0.11 0.0003

With sex, bmi, season of 

blood draw only
-2.86 1.42 0.0450 -0.23 0.07 0.0020 0.38 0.11 0.0007

with offspring rs4987853 -3.19 1.50 0.0340 -0.16 0.08 0.0450 0.40 0.11 0.0003

with offspring interaction* -2.40 1.61 0.1380 -0.21 0.09 0.0230 0.33 0.13 0.0150

Table S3.2. The interaction between maternal BCL2 rs4987853 and offspring CMV IgG on offspring HDL is robust to covariate 

inclusion/exclusion. 

SNP association vitd association SNP X vitdInteraction

*offspring interaction not statistically significant 
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Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Original Model 8.90 2.45 0.0003 0.26 0.09 0.0034 -0.35 0.09 0.0002*

Without BMI 8.18 2.53 0.0013 0.29 0.09 0.0017 -0.31 0.10 0.0011

Without eight covariates 

describing offspring ethnicity
8.72 2.43 0.0004 0.28 0.09 0.0017 -0.34 0.10 0.0005

With mppbmi, gwg 8.94 2.89 0.0003 0.25 0.09 0.0050 -0.34 0.10 0.0005

with missing fasting 8.90 2.45 0.0003 0.26 0.09 0.0034 -0.35 0.09 0.0002

With sex, bmi, season of 

blood draw only
7.49 2.46 0.0025 0.24 0.08 0.0044 -0.28 0.10 0.0047

with offspring rs13143866 10.40 2.56 0.0001 0.28 0.11 0.0092 -0.40 0.10 0.0001

with offspring interaction* 9.77 2.97 0.0011 0.31 0.13 0.0186 -0.37 0.12 0.0021

Table S3.3. The interaction between maternal IL-21 rs13143866 and offspring 25[OH]D on offspring HDL is robust to 

covariate inclusion/exclusion. 

SNP association vitd association SNP X vitdInteraction

*offspring interaction not statistically significant 
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Gene SNP Coefficient Std Err p-value

CYP24A1 rs6013897 -0.10 0.04 0.0056

IL-10 rs3024496 -0.08 0.03 0.0093

SLC2A1 rs751210 -0.07 0.03 0.0098

Table S3.4. Sensitivity analysis of CMV positivity 

and offspring genotype. 

number of rs751210 

minor alleles 

number of rs12407920 

minor alleles Coefficient Std Err p-value 

1 0 -0.05 0.05 0.2990

2 0 -0.15 0.09 0.0920

1 1 -0.10 0.07 0.1350

2 1 -0.15 0.07 0.0270

Table S3.5. Combination genotype analysis of maternal SLC2A1 SNPs 

rs751210 and rs12407920 on offspring triglycerides (natural log-transformed). 

Zero minor alleles at each locus used as baseline, minimum 10 participants 

required in each stratum. 

Model

Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Additive -3.34 1.48 0.0241 -0.16 0.08 0.0430 0.40 0.11 0.0003

Dominant 2.23 1.36 0.1030 0.13 0.07 0.0500 -0.23 0.11 0.0270

Recessive 2.05 3.50 0.5590 0.05 0.05 0.3680 -0.28 0.21 0.1890

Table S3.6. Comparison of additive, dominant, and recessive genotype models in the interaction between 

maternal rs4987853 in BCL2 and offspring CMV IgG on offspring systolic BP. 

SNP association CMV IgG association SNP X CMV IgG Interaction
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Maternal SNP Model Coefficient Robust SE p-value

rs751210 Original Model -0.08 0.03 0.0075

with offspring rs841858 -0.06 0.03 0.0480

with offspring rs3820546 -0.06 0.03 0.0340

rs12407920 Original Model -0.10 0.04 0.0124

with offspring rs841858 -0.09 0.04 0.0150

with offspring rs3820546 -0.08 0.04 0.0560

Table S3.9. Top hit associations between maternal SLC2A1 SNPs and 

offspring triglycerides (natural log-transformed) are attenuated with 

addition of offspring top hit SLC2A1 SNPs to models. 

Model

Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Additive 8.90 2.45 0.0003 0.26 0.09 0.0034 -0.35 0.09 0.0002

Dominant 10.06 3.88 0.0100 0.23 0.09 0.0120 -0.35 0.15 0.0230

Recessive 15.68 2.20 0.0030 0.14 0.09 0.1340 -0.71 0.19 < 0.0005

Table S3.8. Comparison of additive, dominant, and recessive genotype models in the interaction between 

maternal rs13143866 in IL-21 and offspring 25[OH]D concentration on offspring HDL. 

SNP association 25[OH]D Association SNP X 25[OH]D Interaction

Model

Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

Additive 26.22 5.89 0.0000 0.61 0.19 0.0017 -1.12 0.24 < 0.00005

Dominant 31.87 7.61 < 0.0005 0.64 0.19 0.0010 -1.36 0.32 < 0.0005

Recessive 22.00 12.31 0.0750 0.23 0.18 0.2120 -1.14 0.42 0.0070

Table S3.7. Comparison of additive, dominant, and recessive genotype models in the interaction between 

maternal rs4851522 in IL-1R2 and offspring 25[OH]D concentration on offspring LDL. 

SNP association 25[OH]D Association SNP X 25[OH]D Interaction
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Appendix E: Supplementary figures S3.1-S3.9: Graphical representations of the results of candidate 
maternal SNP analyses on nine offspring CMR-related outcomes.  
 

 Figure S3.1: Results of candidate maternal SNP – offspring CMV IgG association analyses.  
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 Figure S3.2: Results of candidate maternal SNP – offspring 25[OH]D association analyses.  
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 Figure S3.3: Results of candidate maternal SNP – offspring BMI association analyses.  
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Figure S3.4: Results of candidate maternal SNP – offspring glucose association analyses.  
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 Figure S3.5: Results of candidate maternal SNP – offspring HDL association analyses.  
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 Figure S3.6: Results of candidate maternal SNP – offspring LDL association analyses.  
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 Figure S3.7: Results of candidate maternal SNP – offspring triglyceride association analyses.  
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Figure S3.8: Results of candidate maternal SNP – offspring systolic blood pressure association analyses.  
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Figure S3.9: Results of candidate maternal SNP – offspring diastolic blood pressure association analyses  
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Appendix F: Supplementary Tables for Chapter 4.  

 

 

 

 

 

 

 

 

 

 

Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

25[OH]D (ng/mL) TLR3 rs3775291 -0.60 0.96 0.5330 -2.29 0.80 0.0040 2.16 0.79 0.0060

25[OH]D (ng/mL) IL-1R2 rs3218984 -2.05 0.84 0.0140 -0.94 0.90 0.2990 2.75 1.00 0.0060

HDL (mg/dL) IL-10 rs3024498 2.98 2.42 0.2180 1.15 1.57 0.4630 -4.39 2.14 0.0410

LDL (mg/dL) BCL2 rs4940576 6.69 3.30 0.0430 6.99 3.33 0.0360 -9.94 3.25 0.0020

ln(Triglycerides) MTHFD1L rs572522 0.20 0.06 < 0.0005 0.07 0.06 0.2160 -0.14 0.05 0.0030

ln(Triglycerides) MTHFD1L rs4869959 0.16 0.06 0.0120 0.05 0.05 0.3310 -0.17 0.06 0.0040

Systolic BP (mmHg) MTRR rs1532268 -1.77 1.25 0.1580 -3.62 1.25 0.0040 3.31 1.09 0.0030

Systolic BP (mmHg) BCL2 rs2046136 2.74 1.10 0.0130 2.33 1.06 0.0280 -3.44 1.12 0.0020

Diastolic BP (mmHg) MTRR rs1532268 -1.78 1.05 0.0900 -3.13 0.98 0.0010 2.85 0.87 0.0010

Diastolic BP (mmHg) KCNQ1 rs231362 -2.23 1.05 0.0340 -2.49 0.96 0.0090 2.51 0.96 0.0090

Table S4.1. Results of maternal-offspring genotype interaction analysis are robust to lack of adjustment for BMI. 

Offspring SNP association Maternal SNP association

Maternal-Offspring Genotype 

Interaction
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Outcome Gene SNP Coefficient Robust SE p-value Coefficient Robust SE p-value Coefficient Robust SE p-value

25[OH]D (ng/mL) TLR3 rs3775291 0.75 1.12 0.5080 -1.90 1.08 0.0790 1.26 1.12 0.2610

25[OH]D (ng/mL) IL-1R2 rs3218984 -1.60 0.89 0.1460 -0.97 0.96 0.3150 2.14 1.05 0.0420

HDL (mg/dL) IL-10 rs3024498 2.92 2.40 0.2250 1.72 1.60 0.2830 -4.21 2.20 0.0560

LDL (mg/dL) BCL2 rs4940576 4.49 3.18 0.1590 6.05 3.36 0.0720 -7.85 3.08 0.0110

ln(Triglycerides) MTHFD1L rs572522 0.17 0.06 0.0030 0.05 0.06 0.4130 -0.12 0.05 0.0140

ln(Triglycerides) MTHFD1L rs4869959 0.15 0.06 0.0230 0.08 0.53 0.1360 -0.17 0.06 0.0050

Systolic BP (mmHg) MTRR rs1532268 -1.85 1.25 0.1400 -3.54 1.25 0.0050 3.02 1.05 0.0040

Systolic BP (mmHg) BCL2 rs2046136 2.79 1.08 0.0100 2.66 1.05 0.0120 -3.51 1.12 0.0020

Diastolic BP (mmHg) MTRR rs1532268 -2.11 1.04 0.0440 -3.59 0.96 < 0.0005 2.91 0.88 0.0010

Diastolic BP (mmHg) KCNQ1 rs231362 -2.38 0.10 0.0160 -2.46 0.94 0.0090 2.42 0.90 0.0070

Supplementary Table S4.2. Results of maternal-offspring genotype interaction analysis are somewhat robust to covariate exclusion - 

sex and season adjustment only. 

Offspring SNP association Maternal SNP association

Maternal-Offspring Genotype 

Interaction
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Gene SNP

Coefficient Std Err p-value Coefficient Std Err p-value Coefficient Std Err p-value

IL-6 rs1554606 0.09 0.31 0.7661 1.04 0.35 0.0032 -0.88 0.29 0.0022

SLC7A10/PEPD rs8182584 -1.27 0.43 0.0030 -0.96 0.39 0.0136 0.98 0.35 0.0046

LTA rs1799964 -0.67 0.36 0.0630 -0.32 0.34 0.3496 0.90 0.40 0.0259

BCL2 rs2850761 -0.70 0.34 0.0406 -0.59 0.34 0.0806 0.58 0.28 0.0405

LTA rs1800630 -0.24 0.36 0.5009 -0.75 0.34 0.0262 0.79 0.39 0.0444

ABCA1 rs1883025 -0.64 0.39 0.0989 -0.62 0.44 0.1603 0.90 0.45 0.0485

Table S4.3. Sensitivity analysis of offspring CMV seropositivity and maternal-offspring genotype interaction. 

Offspring Maternal Interaction


