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Inflammation is implicated in preterm birth, but genetic studies of inflammatory genes have yielded inconsistent

results. Maternal DNA from 1,646 participants in the Pregnancy, Infection, and Nutrition Cohort, enrolled in Orange

andWake counties,NorthCarolina (1995–2005),were genotyped for 432 tag single-nucleotide polymorphisms (SNPs)

in 30 candidate genes. Gene-level and SNP associations were modeled within strata of genetic ancestry. Six genes

were associated with preterm birth among European Americans: interleukin 12A (IL12A); colony-stimulating factor 2

(CSF2); interferon γ receptor 2 (IFNGR2); killer cell immunoglobulin–like receptor, three domain, long cytoplasmic

tail, 2 (KIR3DL2); interleukin 4 (IL4); and interleukin 13 (IL13). Of these, relatively strong single-SNP associations

were seen in IFNGR2 and KIR3DL2. Among the 4 genes related to natural killer cell function, 2 (IL12A and CSF2)

were consistently associated with reduced risk of prematurity for both European and African Americans. SNPs tagging

a locus control region for IL4 and IL13 were associated with an increased risk of spontaneous preterm birth for Euro-

peanAmericans (rs3091307; risk ratio = 1.9; 95% confidence interval: 1.4, 2.5). Although gene-level associationswere

detected only in European Americans, single-SNP associations among European and African Americans were often

similar in direction, though estimated with less precision among African Americans. In conclusion, we identified novel

associations between variants in the natural killer cell immune pathway and prematurity in this biracial US population.

African Americans; European Continental Ancestry Group; genetics; genetic association studies; inflammation;

natural killer cells; premature birth

Abbreviations: CSF, colony-stimulating factor; DNA, deoxyribonucleic acid; FDR, false discovery rate; IFN, interferon; IL, interleukin;

KIR, killer cell immunoglobulin–like receptor; LD, linkage disequilibrium; NK, natural killer cells; RR, risk ratio; SKAT, SNP-Set Kernel

Association Test; SNP, single-nucleotide polymorphism; TNF, tumor necrosis factor.

Preterm birth, which affects approximately 12% of US births
(1), has significant medical and societal implications, including
increased riskof neonatal death and both acute and chronicmed-
ical and neurocognitive disease (2). Although the earliest pre-
termbirths have themost severeoutcomes (3), late pretermbirths
comprise the majority (74.1%) (4) of preterm births and also are
associated with increased risk of death and respiratory difficul-
ties (5).
Having had a previous preterm birth is one of the strongest

maternal risk factors for a subsequent preterm birth. In addi-
tion to environmental exposures that might persist between
pregnancies, this risk could reflect innate susceptibility factors
from maternal genes (6–8). Although several candidate path-

ways have been identified (9), inflammatory pathways have
been a particular focus because pregnancy is a state of altered
immune function (10–13). Pregnancy appears to involve a
global shift toward defensive immunity (14–17). In particular,
T cells and natural killer (NK) cells decrease in both number
and function over the course of pregnancy (14), and both cell
types have been linked to initiation of labor before term (18,
19). Candidate genes involved in inflammation have been
examined in several diverse populations (20–38), although
many of the studies have had small case groups, and few have
addressedpopulation stratification.Givendifferences inallelic
frequencies in genes related to inflammatory cytokines (39),
as well as differences in the risk of preterm birth (26–29, 40)
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among whites and African Americans, genetic ancestry is of
particular importance. Existing studieswith larger case groups
(28–32, 41) have had few single-nucleotide polymorphisms
(SNPs) per gene and often have not included regulatory regions
that flank genes.

Using the Pregnancy, Infection, and Nutrition Cohort, we
expanded candidate genes to include lesser-studied genes in
the critical T cell and NK cell pathways and deepened the per-
gene SNP coverage while addressing issues of population strat-
ification. We additionally improved on previous studies by
incorporating novel statistical methodology to identify gene-
based associations, and we used inverse probability of selection
modeling to account for any differences between the genotyped
andparent cohort. In this article,wedescribeourfindings for poly-
morphisms in 30 candidate genes and the risk of preterm birth.

MATERIALS AND METHODS

Study population

We used a nested case-control subset of the Pregnancy,
Infection, andNutritionCohort, a prospective pregnancy cohort
designed to assess antenatal risk factors for preterm birth
described by Savitz et al. (42). Women were recruited between
1995 and 2005 throughWake County Human Services Depart-
ment (Raleigh,NorthCarolina),WakeMedicalCenter (Raleigh,
North Carolina), andUniversity of North Carolina (Chapel Hill,
North Carolina) prenatal clinics. Exclusion criteria at enroll-
ment included age less than 16 years, inability to speak English,
deliverynotplanned tooccurat the recruitmenthospital,multiple
gestations, and lack of a telephone.

Maternal blood for genetic analysis was obtained at the first
studyvisit. Covariateswere collected through self-administered
questionnaires or telephone interviews in the late second and
third trimesters.Pregnancyoutcome informationwasabstracted
from the medical record after delivery. All participants gave
informed consent, and the institutional review boards of the
University of North Carolina School ofMedicine, Chapel Hill,
NorthCarolina,andWakeMedicalCenter,Raleigh,NorthCaro-
lina, approved the study.

Cases and controls for this study were selected among eligi-
ble women from the entire Pregnancy, Infection, and Nutrition
Cohort (n = 5,169) as a part of a larger study investigating mul-
tiplereproductiveoutcomesandgenepathways.Initialeligibility
criteria included consent for genetic analysis (n = 3,539), col-
lectionofasuitablebiological specimen(n = 3,289), self-reported
maternal race of white or African American (n = 3,075), and
known infant birth date, resulting in 3,065 (59.3%) women who
were eligible for selection into our study. Of the eligiblewomen,
all preterm cases with sufficient DNAwere genotyped (n = 347;
92% of eligible preterm births). Term births selected for geno-
typing included births with other reproductive outcomes of
interest (gestational hypertension, small for gestational age),
as well as women with uncomplicated pregnancies (n = 1,299).
In total, 1,646 women were genotyped.

Outcome assessment

The first ultrasound performed before 22 weeks’ gestation
was used to calculate gestational age at delivery. For women

without an early ultrasound (9.3%), self-reported last men-
strual period was used. Preterm birth was defined as a live
birth before 37 completed weeks of gestation. Subtype of pre-
term birth was assessed by physician review (42) of the hospital
record to identifyevents (e.g., preterm labor, spontaneous rupture
of membranes) immediately preceding delivery. Although con-
sideration of each subtype of preterm birth would be optimal
(43), the present prospective study lacked sufficient numbers.
However, spontaneous preterm birth, which includes both pre-
term labor and preterm prelabor rupture of membranes, was con-
sidered as an additional outcome.

Gene selection

Thirty candidate genes were selected from the innate and
adaptive immune system, with a focus on representing T helper
1 and T helper 2 cytokines and their regulators, inflamma-
tory mediators (including tumor necrosis factor (TNF) sig-
naling), and NK cells. In particular, we aimed to represent
inflammatory genes forwhichmarked changes in protein con-
centrations across trimesters have been demonstrated, because
dysregulation in these genes could result in initiation of par-
turition before term (14, 15).

Genotyping

Whole blood was collected and centrifuged, and the buffy
coat fraction was stored in cell preparation tubes and placed
in −80°C storage. DNA was extracted with an Applied Bio-
systems automated DNA extractor (Foster City, California)
and Qiagen Gentra Puregene chemistry (Valencia, California).

A custom 1,536 Illumina GoldenGate (San Diego, Califor-
nia) panelwas created,which included the 30 genes (432SNPs)
from this study as well as genes from angiogenesis, apoptosis,
and cell cycle pathways. TagZilla (44) was used to choose tag
SNPs for 2 populations (European and Yoruban; HapMap
build 27), with allowance for 20-kb upstream and 10-kb down-
stream margins and with tags restricted to those with minor
allele frequencies of at least 10% (in one population) and link-
age disequilibrium (LD) with r2 > 0.8.

Genotyping was conducted at the University of North
Carolina Mammalian Genotyping Core (Chapel Hill, North
Carolina), and genotypes were called with Illumina Genome-
Studio software. Genotyping was performed on 1,646 sam-
ples. Individuals were dropped when less than 95% of SNPs
were successfully called (n = 11). We further excluded unin-
tentional duplicate samples (n = 3), congenital anomalies (n =
24), and stillbirths (n = 10), resulting in 1,598 women included
in the analysis.

Poor genotyping quality (<95%call rate) resulted in the loss
of 39 SNPs. Quality control included duplicate Pregnancy,
Infection, and Nutrition samples and standardized samples
from Corriel (Camden, New Jersey) CEPH (Centre d’Etude
duPolymorphismeHumain) trios on eachplate.A single base-
pair discrepancy and no Mendelian errors were found in the
393 duplicate or trio samples. Hardy-Weinberg equilibrium
was assessed with SAS version 9.2 (SAS Institute, Inc., Cary,
North Carolina) among noncases stratified by genetic ances-
try.OneSNP(IL-2: rs10027390) significantlyviolatedHardy-
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Weinberg equilibrium (P < 10−5) in African-American non-
cases and was dropped from analysis for this ancestry group.
Tagging for 2 genetic ancestry populations resulted in

redundant (LD > 0.8) tag SNPs in the European-American
population.Haploview(45)(BroadInstitute,Cambridge,Mas-
sachusetts) was used to calculate LD (with r2) and to gener-
ate LD heatmaps.
A panel of 157 ancestry-informativemarkers was chosen to

estimate genetic ancestrywith the use of SNPs tested in a simi-
lar North Carolina biracial population (46). STRUCTURE,
version 2.3.3 (47) (University of Chicago, Chicago, Illinois)
was used to quantify genetic ancestry, with the assumption of
2 underlying populations. Genetic ancestrywas then used to strat-
ify the analyses (European-American ancestry and African-
American ancestry), and continuous percent African-American
ancestry was included in all models.

Statistical analysis

Covariates were selected on the basis of previous studies
and an examination of a directed acyclic graph. Possible covar-
iatesincludedmaternalsmoking,age,bodymassindex,andsocio-
economic status. In addition, several additional demographic,
pregnancy health, and study characteristics were included for the
calculation of selection probabilities.
We used a 2-stage analysis approach to examine the influ-

enceof inflammatorygenesonpretermbirth.Stage1wasagene-
level analysis that used the SNP-Set Kernel Association Test
(SKAT) (48) with a linear kernel (analogous to logistic regres-
sion with an additive genetic effect). Gene-level analysis is par-
ticularly useful in genetically diverse populations in which
different tag SNPs are in LD with the causal SNPs. SKAT also
allows for complex SNP interactions, permits covariate adjust-
ment, and does not penalize SNPs with opposing associations
(increased or decreased risk) within a single gene. SNPs were
grouped by gene into SNP sets, and genes in close proximity
(within 25 kbp) were analyzed together. Persons with at least 1
missing genotype were dropped from the relevant SNP set but
were included in other SNP sets for which they had complete
data. On average, 98% of participants were included in each
SNP set, with a range of 92%–100% (Web Table 1, available at
http://aje.oxfordjournals.org/). Hypothesis testing in SKATwas
conducted with a variance component score test of the null
hypothesis that the general function for the SNP set equals zero
(49). Analyses were performed within strata defined by genetic
ancestry and were additionally adjusted for percent African-
American ancestry. A false discovery rate (FDR) of 20% was
used to identify genes that progressed to Stage 2. The FDR
was calculated as aQ value (50)with R, version 2.13.1 (R Foun-
dation for Statistical Computing, Vienna, Austria) (p.adjust
function, FDR). Cases included all preterm births, with a sub-
set analysis of spontaneous preterm birth. Controls included
term births without gestational hypertension or small-for-
gestational-age complications (Table 1, “Disease Free”).
The goal of Stage 2 was to identify the individual SNPs in

each gene responsible for the significant SNP set association
P values estimated in Stage 1. Given the prevalence of pre-
term birth in this population (13.5%), risk ratios were esti-
mated from the entire genotyped cohort with a log-linear risk
model. Inverse probability weighting was used so that the esti-

mates reflected the eligible population. Cases were all pre-
term births, with a subset analysis of spontaneous preterm
births. Controls were all genotyped term births (Table 1, “Term
Births”). Briefly, the probability of being selected into the
genotyped sample (n = 1,646) was calculated for all eligible
women (n = 3,065) by the use of a logistic model that included
all covariates in Table 1 as well as additional demographic
and study-related characteristics. The inverse of these selec-
tion probabilities was used toweight the analysis. Robust var-
iance estimators were used. Given the dependence between
Stage 1 and Stage 2, top-ranking SNPs from Stage 2 were
reported on the basis of the consistency of the observed
associations.

RESULTS

The final analysis set included 1,598 individuals. Women
were predominantly white (62.6%), nonsmoking (74.4%),
and well educated (52% with at least high school education),
with a mean body mass index of 26.5 kg/m2 and a mean age
of 26.1 years at the start of pregnancy (Table 1). In the under-
lying cohort, preterm birth occurred in 13.5% of births, and
62.1% of thesewere spontaneous. The eligible and genotyped
population did not differ appreciably from the entire cohort
(Web Table 2).

Stage 1: gene set analysis

Proximity of genes resulted in 24 SNP sets, with interleu-
kin (IL)-13 (IL13) and IL-4 (IL4) considered jointly and lym-
photoxin α (TNF superfamily member 1) (LTA) and TNF
considered jointly in the SKAT analysis. Genes with a single
SNP (transforming growth factor, beta 1 (TGFB1) and beta
3 (TGFB3)) or with SNPs genotyped solely for replication pur-
poses (IL-1A and IL-1B, each with 2 SNPs) were not included
in the Stage 1 gene-level analysis.
For preterm birth, 4 SNP sets (interferon (IFN) γ receptor

2 (IFNGR2); IL12A; killer cell immunoglobulin–like receptor
(KIR), three domain, long cytoplasmic tail, 2 (KIR3DL2); and
colony-stimulating factor 2 (CSF2)) associated with NK cells
and 1 SNP set associatedwith T helper 2 immunity (IL13/IL4)
met the FDR criteria of 20% (Table 2) among European
Americans. IFNGR2 and IL13/IL4 also met the FDR criteria
for spontaneous preterm birth. No SNP set met criteria for
either outcome among African-American participants.

Stage 2: single-SNP analysis

The 5 SNP sets identified in Stage 1 (90 SNPs) and 7 SNPs
not included in Stage 1 were examined in Stage 2 in both Euro-
pean and African Americans. Tables 3 and 4 present the risk
ratios and 95% confidence intervals for the strongest single-
SNP results. Results for all of the single SNPs included in
Stage 2 can be found in Web Table 3. Variant allele frequen-
cies can be found in Web Tables 4 and 5. In the assessment of
covariates, nestedmodels adjustedonly forpercentgenetic ances-
try were compared with fully and singly adjusted models for
a subset of the SNPs with the strongest associations. Adjust-
ment for all or any of the covariates failed to change the point
estimates (>10%) (results not shown). Web Table 6 provides
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the single-SNP associations for all genotyped markers not
included in Stage 2.

Two SNPs in IL12A (rs6441282 and rs692890) showed
consistent associations (risk ratio (RR) = 0.7–0.8) for both
ancestry groups and both outcomes, with the variant allele
conferring reduced risk of both preterm and spontaneous
preterm birth. The variant alleles were the minor alleles for

European-Americanwomen but weremore common inAfrican-
American women (Web Table 4). These 2 SNPs were in strong
LD among African-American women but not among Euro-
pean-American women (Figure 1). Several SNPs had consistent
results for both outcomes among European-American women
only: rs503582, rs7653097, and rs755004 (RR = 1.3–1.5), and
rs13064168, rs609907, and rs17826053 (RR = 0.6–0.8). SNP

Table 1. Demographic Characteristics of Mothers Genotyped in the Pregnancy, Infection, and Nutrition Cohort, North Carolina, 1995–2005

Characteristic

Genetic Ancestrya

Preterm Case Disease Free Term Birthb

European
American
(n = 194)

African
American
(n = 134)

European
American
(n = 409)

African
American
(n = 204)

European
American
(n = 813)

African
American
(n = 457)

No. % No. % No. % No. % No. % No. %

Maternal age, years

<25 94 48.5 50 37.3 215 52.6 68 33.3 401 49.3 159 34.8

25–34 77 39.7 73 54.5 133 32.5 132 64.7 294 36.2 281 61.5

≥35 23 11.9 11 8.2 61 14.9 4 2.0 118 14.5 17 3.7

Smokingc

No 115 66.5 95 80.5 302 77.4 148 84.6 541 71.0 325 81.9

Yes 58 33.5 23 19.5 88 22.6 27 15.4 221 29.0 72 18.1

Missing 21 10.8 16 11.9 19 4.6 29 14.2 51 6.3 60 13.1

Body mass indexd

<18.5 14 7.5 8 6.5 23 5.7 16 8.3 41 5.2 30 7.1

18.5–24.9 95 50.8 43 34.7 250 62.2 79 40.9 431 54.9 158 37.3

25–29.9 44 23.5 28 22.6 71 17.7 39 20.2 146 18.6 85 20.1

≥30 34 18.2 45 36.3 58 14.4 59 30.6 167 21.3 151 35.6

Missing 7 3.6 10 7.5 7 1.7 11 5.4 28 3.4 33 7.2

Poverty indexe 331 (254) 132 (94) 367 (238) 144 (123) 343 (234) 148 (126)

Missing 23 11.9 17 12.7 24 5.9 37 18.1 57 7.0 94 20.6

Marital status

Married 134 69.1 39 29.3 313 76.5 32 15.7 587 72.2 83 18.2

Unmarried 60 30.9 94 70.7 96 23.5 172 84.3 226 27.8 374 81.8

Missing 0 1 0.7 0 0 0 0

Education, years

≥13 105 54.1 56 41.8 275 67.2 68 33.3 498 61.3 172 37.6

≤12 89 45.9 78 58.2 134 32.8 136 66.7 315 38.8 285 62.4

Parity

Nulliparous 88 45.4 49 36.8 189 46.4 88 43.1 398 49.1 219 47.9

Multiparous 106 54.6 84 63.2 218 53.6 116 56.9 413 50.9 238 52.1

Missing 0 1 0.7 2 0.5 0 2 0.2 0

Spontaneous preterm

Yes 103 53.1 65 48.5

a Genetic ancestry was determined from 148 ancestry-informative markers and the STRUCTURE software package.
b Term births include disease-free term births plus term births with other outcomes of interest: small for gestational age, gestational hyper-

tension, and preeclampsia.
c Self-reported smoking during months 1–6 of pregnancy. Values in the no and yes rows are expressed as a percent of those with nonmissing data.
d Prepregnancy body mass index was calculated as self-reported prepregnancy weight in kilograms divided by measured height in meters

squared. Values within categories of body mass index are expressed as a percent of those with nonmissing data.
e Poverty index reflects household income and the number of household members expressed as the percent of the local poverty limit. Mean

(standard deviation) is presented.
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rs4680536 showed an increased risk of spontaneous preterm
birth only (RR = 1.3; 95% confidence interval: 1.0, 1.7).
Two LD blocks that cover CSF2 and IL3 in European-

American women (Figure 2) show an association between
CSF2 and preterm birth. A group of 3 SNPs (rs25881,
rs25882, and rs27438; r2 > 0.8), including amissense variant,
conferred increased risk (RR = 1.3–1.4) for preterm birth
only. A secondLDblock (rs721121, rs4705916, rs743564, and
rs6898270; r2 > 0.85 in European-American women) was

associated with generally reduced risk of preterm birth for
both European- and African-American women. For African-
Americanwomen, therewas a strengthening of the risk reduc-
tion for spontaneous preterm birth for rs721121 and rs4705916
(RR = 0.57; 95% confidence interval: 0.4, 0.9).
Upstream tags for CSF2 also captured SNPs that are more

closely associated with IL-3 (IL3). One SNP in IL3 (rs31481)
was associated with an increased risk of preterm birth among
both ancestry groups (RR = 1.3–1.4). Among European-
Americanwomen only, a downstreamSNP (rs11575022)was
associated with an increased risk of both preterm and sponta-
neous preterm birth (RR = 1.6 and 1.4, respectively).
IL13 and IL4 are in close proximity on chromosome 5 and

were jointly tagged. In both genes, associations were gener-
ally found for European-American women only, and these
associations were strongest for spontaneous preterm birth.
For IL13, a cluster of 3 SNPs in strong LD (rs7737470,
rs3091307, and rs1881457; r2 > 0.8) (Figure 3) had a risk
ratio of 1.8–1.9 for spontaneous preterm birth. A second clus-
ter in LD (rs2243204, rs2243210, rs2243218, and rs2243219;
r2 > 0.7) had a risk ratio of 1.3–1.5. The results for IL4 were
more varied with both protective and risk alleles. One cluster of
SNPs in strong LD (rs2243267, rs2243270, and rs11242123;
r2 > 0.8) showed both risk (RR = 1.6–1.8) and protective vari-
ants (rs2243250) (RR=0.6).A single SNP (rs11242122) down-
streamof IL4 showed a particularly strong protective association
for spontaneous preterm birth, with a risk ratio of 0.54 (95%
confidence interval: 0.4, 0.7).
SNP associations for KIR3DL2 were found only for Euro-

pean-Americanwomen. Two downstreamSNPs (rs11672983
and rs3816051) showed consistently increased risk of both
preterm and spontaneous preterm births (RR = 1.3–1.4). A
single SNP (rs4806457) showed a risk association with pre-
term birth only (RR = 1.7; 95% confidence interval: 1.1, 2.7).
Among European-American women, 2 LD clusters in

IFNGR2 were seen (Figure 4). rs9978223, rs2268241, and
rs9808753 (r2>0.9) all showeda reduced risk,with a strength-
ening of the association for spontaneous preterm birth (RR =
0.6–0.7). An additional cluster of 2 SNPs (rs9808685 and
rs2834210; r2 = 0.97) showed a consistent risk association
with both preterm and spontaneous preterm births (RR = 1.3).

DISCUSSION

We undertook an investigation of T-cell and NK cell–
related gene variants in a biracial pregnancy cohort. In addi-
tion to novel findings in KIR3DL2, our increased tagging of
T helper 1 and T helper 2 genes revealed important associa-
tions with preterm birth.
Several of the genes highlighted in our study are impor-

tant for NK cells and their function (IL12A, IFNGR2, CSF2,
and KIR3DL2). NK cells and the cytokines associated with
them (IL-12, IL-15, IL-6, IFN-γ, TNFα, and CSF2) have
been documented to change dramatically over the course of
pregnancy (14, 15) and might be involved closely with
immune tolerance to the developing placenta and adequate
placental implantation early in pregnancy. KIR genes, which
regulate the killing function of NK cells, are particularly
important in allowing trophoblast cells to evade destruction
by NK cells during placental development. Indeed, KIR

Table 2. Qa Values From SNP-Set Kernel Association Test

Analysis for Each Gene Set Stratified by Genetic Ancestry in the

Pregnancy, Infection, and Nutrition Cohort, North Carolina,

1995–2005

Gene Symbol
European Americanb African Americanb

Preterm Spontaneous Preterm Spontaneous

IFNGR2 0.06c,d 0.18c 0.93 1.00

IL13 and
IL4e

0.10c 0.01c,d 1.00 1.00

KIR3DL2 0.10c 0.43 0.89 1.00

IL12A 0.10c 0.44 0.89 0.64

CSF2 0.14c 0.67 0.89 0.82

IL18 0.40 0.44 0.93 1.00

GATA3 0.40 0.48 0.89 1.00

IL10 0.40 0.48 0.89 0.82

IL12B 0.54 0.81 0.93 1.00

IL6 0.54 0.79 0.93 0.92

KIR2DL4 0.54 0.43 0.89 1.00

IL15 0.66 0.67 0.93 0.89

LTA and
TNFe

0.70 0.70 0.48 1.00

IFNG 0.75 1.00 0.89 0.64

TBX21 0.75 1.00 0.89 0.92

NFKB1 0.75 1.00 0.93 1.00

TNFRSF1B 0.75 0.67 0.89 0.64

IL8 0.75 0.67 0.93 0.82

KIR3DL3 0.75 0.67 0.89 0.64

KLDR1 0.85 1.00 0.89 1.00

IL6R 0.88 0.67 0.93 1.00

IL2 0.89 0.81 0.89 0.82

IL8RB 1.00 0.81 0.93 1.00

CXCL10 1.00 0.81 0.89 1.00

a Q values represent the proportion of false positives (number of

false rejections divided by total number of rejections).
b Genetic ancestry was determined from 148 ancestry-informative

markers and the STRUCTURE software package. All models were

additionally adjusted for percentage Yoruban ancestry.
c Meets false discovery rate criterion of <0.2.
d Bonferroni P value for P = 0.05 and 24 gene sets = 0.002. The P

value for IL13 and IL4met this criterion for spontaneous preterm birth

among European-American mothers. The P value for IFNGR2 met

this criterion for preterm birth among European-American mothers.
e Genes were considered in the same model because of proximity.
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Table 3. Relative Risk of Preterm and Spontaneous Preterm Birth for Natural Killer Cell–Related Single SNPs

Among Mothers Stratified by Genetic Ancestry in the Pregnancy, Infection, and Nutrition Cohort, North Carolina,

1995–2005a

Gene/SNPc

European Americanb African Americanb

Preterm
Spontaneous

Preterm
Preterm

Spontaneous
Preterm

RR 95% CI RR 95% CI RR 95% CI RR 95% CI

IL12A

rs503582 1.3 1.1, 1.7 1.3 1.0, 1.7 1.1 0.8, 1.4 1.0 0.7, 1.4

rs7653097 1.5 1.0, 2.1 1.4 0.9, 2.3 1.0 0.7, 1.4 0.9 0.6, 1.5

rs13064168 0.6 0.4, 0.8 0.7 0.4, 1.0 1.1 0.7, 1.7 1.3 0.7, 2.4

rs609907d 0.6 0.5, 0.8 0.7 0.5, 1.0 1.1 0.8, 1.6 1.2 0.7, 2.0

rs2647929 1.1 0.9, 1.4 1.1 0.8, 1.5 1.1 0.8, 1.6 1.6 1.0, 2.4

rs9811792 1.1 0.9, 1.4 1.1 0.8, 1.5 1.1 0.8, 1.4 1.5 1.0, 2.2

rs7372767 1.1 0.9, 1.4 1.1 0.9, 1.5 1.3 0.9, 1.7 1.7 1.1, 2.6

rs6441282 0.8 0.6, 1.0 0.8 0.6, 1.0 0.8 0.6, 1.0 0.7 0.5, 1.0

rs692890 0.7 0.6, 0.9 0.7 0.5, 0.9 0.8 0.6, 1.1 0.7 0.5, 1.0

rs755004 1.3 1.0, 1.7 1.5 1.1, 2.1 0.6 0.3, 1.2 0.6 0.2, 1.7

rs17826053 0.7 0.5, 1.0 0.7 0.5, 1.1 1.0 0.7, 1.4 0.7 0.4, 1.2

rs4680536 1.1 0.9, 1.4 1.3 1.0, 1.7 1.1 0.8, 1.4 1.0 0.7, 1.4

IFNGR2

rs6517167 1.3 1.0, 1.7 1.1 0.7, 1.6 1.1 0.8, 1.4 0.9 0.6, 1.3

rs9978223 0.7 0.5, 0.9 0.6 0.4, 1.0 1.1 0.8, 1.4 1.1 0.7, 1.5

rs2268241 0.6 0.5, 0.9 0.6 0.3, 0.9 1.2 0.9, 1.6 1.3 0.9, 1.8

rs9808685 1.3 1.1, 1.7 1.3 1.0, 1.8 1.0 0.8, 1.3 0.9 0.6, 1.3

rs2834210 1.3 1.0, 1.6 1.3 0.9, 1.7 1.0 0.8, 1.4 0.9 0.6, 1.3

rs9808753 0.7 0.5, 1.0 0.6 0.4, 1.0 1.2 0.9, 1.6 1.1 0.7, 1.8

rs2834213 1.1 0.9, 1.4 1.1 0.8, 1.5 1.2 0.7, 2.1 1.8 0.9, 3.5

KIR3DL2

rs4806457 1.7 1.1, 2.7 1.5 0.7, 3.1 1.0 0.5, 1.8 0.7 0.3, 1.7

rs11672983 1.3 1.0, 1.5 1.3 1.0, 1.7 0.8 0.6, 1.0 0.9 0.6, 1.4

rs3816051 1.4 1.2, 1.7 1.4 1.1, 1.9 0.9 0.6, 1.1 0.9 0.6, 1.3

IL3

rs31481 1.4 1.1, 1.8 1.0 0.7, 1.5 1.3 0.9, 1.8 1.2 0.7, 2.0

rs11575022 1.6 1.1, 2.3 1.5 0.9, 2.6 1.1 0.7, 1.5 1.0 0.6, 1.7

CSF2

rs721121 0.8 0.7, 1.0 0.9 0.7, 1.2 0.7 0.5, 1.0 0.6 0.4, 0.9

rs4705916 0.8 0.6, 1.0 0.8 0.6, 1.1 0.7 0.5, 1.0 0.6 0.4, 0.9

rs743564 0.8 0.6, 1.0 0.9 0.6, 1.2 0.7 0.5, 1.0 0.8 0.5, 1.2

rs25881 1.4 1.0, 1.8 1.2 0.8, 1.7 1.0 0.8, 1.4 0.9 0.6, 1.4

rs25882 1.3 1.0, 1.7 1.1 0.7, 1.6 1.1 0.8, 1.5 1.0 0.7, 1.6

rs27438 1.3 1.0, 1.7 1.1 0.8, 1.6 0.9 0.7, 1.1 0.8 0.6, 1.2

rs6898270 0.8 0.6, 1.0 0.9 0.6, 1.2 0.8 0.6, 1.2 0.8 0.5, 1.3

Abbreviations: CI, confidence interval; RR, risk ratio; SNP, single-nucleotide polymorphism.
a Variant allele and frequency are available in Web Table 4.
b Based on genetic ancestry. All models were additionally adjusted for percentage of Yoruban ancestry.
c SNPs are arranged by base pair position within each gene.
d Estimate for preterm birth among European Americans has P < 0.0005 (Bonferroni correction for 100 SNPs in

Stage 2).
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genes have been implicated in both recurrent miscarriage
and preeclampsia (51–53). Although the present study is the
first to examine their association with preterm birth, previous
studies have genotyped other NK-related genes (e.g., IL12A,
IFNGR2, CSF2, IL13, and IL4), albeit with fewer SNPs per
gene. The positive findings in the present study relative to the
previous null findings could be due to more extensive cover-
age of the genes and the enhanced power of our Stage 1 gene-
level analysis.
SNPs in IL12A and CSF2 were associated with prematu-

rity in both ancestry groups. IL12A is an important stimula-
tor of NK cells and results in production of both TNF-α and
IFN-γ (54). As an upstream regulator of NK cells, IL12 can
stimulate the release of TNF-α, which increases in amniotic
fluid with the onset of labor. TNF-α is associated with mem-
brane degradation, cervical ripening, and uterine contrac-
tions (16). Upstream changes in the regulation of NK cells
could have a significant impact on TNF-α levels in women
with an otherwise normally functioning TNF gene. CSF2 is
also released from NK cells, and levels are suppressed in the
second and third trimesters in uncomplicated pregnancies (14).
Of interest, 2 of the CSF2 SNPs (rs4705916 and rs721121)

with consistent associations with spontaneous preterm birth
in both European and African Americans flank a possible
regulatory region on chromosome 5 that regulates both CSF2
and IL3 (55).
The 2 remaining NK-associated genes (KIR3DL2 and

IFNGR2) were associated with preterm birth only among Euro-
pean Americans. IFNGR2 is the receptor for IFN-γ, which is
an important NK cell cytokine. IFNGR2 expression changes
over the course of normal pregnancy (17), and dysregulation
of IFNGR2 through polymorphisms could influence the timing
of parturition through its role in multiple immune-related cell
lines. Although KIR3DL2 might be implicated directly in pla-
cental implantation (51), 2 SNPs thatwere used to tagKIR3DL2
are closer to a gene related to immunoglobulin A response (Fc
fragment of IgA, receptor for (FCAR)). FCAR has shown
altered expression over the course of pregnancy (17), though the
significance of this change is unknown. More extensive exam-
ination of FCAR is warranted to distinguish which gene these
tags are capturing.
In addition to the genes related toNK cells, T helper 2 cyto-

kines IL13 and IL4 had strong gene-level and single-SNP
associations. These genes, as well as IL-5, are geographically

Table 4. Relative Risk of Preterm and Spontaneous Preterm Birth for T Helper 2 Single SNPs Among Mothers

Stratified by Genetic Ancestry in the Pregnancy, Infection, and Nutrition Cohort, North Carolina, 1995–2005a

Gene/SNPc

European Americanb African Americanb

Preterm
Spontaneous

Preterm
Preterm

Spontaneous
Preterm

RR 95% CI RR 95% CI RR 95% CI RR 95% CI

IL13

rs7737470d 1.4 1.1, 1.8 1.9 1.4, 2.5 1.1 0.8, 1.4 1.0 0.6, 1.5

rs3091307d 1.4 1.1, 1.8 1.9 1.4, 2.6 1.0 0.7, 1.3 0.9 0.7, 1.3

rs1881457d 1.5 1.1, 1.9 1.8 1.3, 2.5 1.0 0.7, 1.3 1.1 0.7, 1.8

rs1295686 0.8 0.6, 1.1 0.7 0.5, 1.0 1.1 0.9, 1.5 1.2 0.8, 1.7

rs20541 1.2 0.9, 1.6 1.5 1.1, 2.1 0.9 0.6, 1.2 0.8 0.5, 1.3

rs848 1.2 0.9, 1.6 1.5 1.0, 2.0 1.1 0.8, 1.4 1.1 0.8, 1.4

rs1295683 1.3 0.9, 1.7 1.5 1.0, 2.2 0.8 0.5, 1.3 0.7 0.4, 1.4

rs2243204 1.2 0.9, 1.8 1.5 0.9, 2.3 0.9 0.7, 1.2 0.9 0.6, 1.3

rs2243210 1.0 0.7, 1.6 1.3 0.8, 2.2 0.8 0.6, 1.1 0.8 0.5, 1.3

rs2243218 1.2 0.8, 1.7 1.5 1.0, 2.3 1.0 0.7, 1.3 1.0 0.7, 1.5

rs2243219 1.2 0.9, 1.8 1.5 1.0, 2.3 1.0 0.8, 1.3 0.9 0.7, 1.3

IL4

rs2243250 0.7 0.5, 0.9 0.6 0.4, 0.9 1.0 0.8, 1.4 1.0 0.7, 1.5

rs2243263 1.2 0.9, 1.7 1.6 1.1, 2.3 1.1 0.8, 1.5 1.2 0.8, 1.9

rs2243267 1.5 1.1, 2.0 1.8 1.2, 2.6 1.1 0.8, 1.5 1.2 0.8, 1.9

rs2243270 1.4 1.1, 1.9 1.7 1.1, 2.5 0.9 0.7, 1.2 0.9 0.6, 1.3

rs11242122d 0.7 0.6, 0.9 0.5 0.4, 0.7 1.0 0.8, 1.3 0.8 0.5, 1.2

rs11242123 1.4 1.0, 1.9 1.7 1.2, 2.6 1.0 0.8, 1.4 1.1 0.7, 1.6

Abbreviations: CI, confidence interval; RR, risk ratio; SNP, single-nucleotide polymorphism.
a Variant allele and frequency are available in Web Table 5.
b Based on genetic ancestry. All models were additionally adjusted for percentage of Yoruban ancestry.
c SNPs are arranged by base pair position within each gene.
d Estimates for spontaneous preterm birth among European Americans have P < 0.0005 (Bonferroni correction for

100 SNPs in Stage 2).
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close on chromosome 5 and share regulatory elements located
between RAD50 (RAD50 homolog (S. cerevisiae)) and IL13
(56). The strongest associations for IL13 appear for 3 SNPs
that are in strong LD (r2 = 0.9) with each other and share
strong LDwith several untyped SNPswithin bothRAD50 and
an intergenic locus control region. Because this regulatory
region has the potential to influence expression of IL13, IL4,
and IL5, further investigation of this region would be worth-
while.

Both gene- and SNP-level results differed for groups strat-
ified by genetic ancestry. It is possible that fewer African-

American participants, weaker patterns of LD, and population
substructure that reduces effective sample size could explain
the lack of an association with any of the candidate genes we
explored. Nevertheless, despite our inability to detect a signif-
icant gene-level association for African Americans, the similar
single-SNP results for CSF2 and IL12A suggest that similar
genes are important for both groups. Given the differences in
the frequency of many of the variant alleles (Web Tables 4 and
5) and the variation in the social and environmental exposure
distributions between African and European Americans, atten-
tion to both population stratification and gene-by-environment
interactions will be important in future studies.

The present study takes a novel approach to the analysis of
high-dimensional data. The use of SKAT to identify genes of
interest reducesmultiple comparisons, allows for complex SNP
interactions, and incorporates information from rare markers.
Using SKAT allowed us to address our primary goal, which
was to identify high-priority genes for future study, irrespec-
tive of the fact that few SNPs within those genes might have
met a strictmultiple-testing threshold.With our increased inclu-
sion of genes related to natural killer cells and expanded mar-
gins around all genes,wewere able to identify novel genes and
regulatory regions that might not be identified through single-
SNP analysis of markers that are chosen solely from known
coding regions.

This study has several limitations that should be considered
in future studies examining genetic associations with preterm
and spontaneous pretermbirth. Pretermbirth is a heterogeneous
phenotype (43, 57), and genetic studies have taken various
approaches to defining both overall and spontaneous preterm
birth, which makes comparison across studies difficult. The-
oretically,associationswillbeestimatedmostprecisely inhomog-
enous phenotypes; however, there is a balance between the gain

Figure 1. Linkage disequilibrium in interleukin-12a (IL12A) within European-American (A) and African-American (B) mothers in the Pregnancy,
Infection, and Nutrition Cohort, North Carolina, 1995–2005. Values represent r 2 for pairs of single-nucleotide polymorphisms, with darker boxes
having stronger correlations. Gray bars represent approximate location of IL12A.

Figure 2. Linkage disequilibrium in colony-stimulating factor 2
(CSF2) within European-American mothers in the Pregnancy, Infec-
tion, and Nutrition Cohort, North Carolina, 1995–2005. Values repre-
sent r 2 for pairs of single-nucleotide polymorphisms, with darker boxes
having stronger correlations. Gray bar represents approximate location
ofCSF2.
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in case homogeneity and the loss in power due to small case
populations (43). Although we often observed similar effect
sizes in spontaneous and total preterm births, in some cir-
cumstances, subgroup associations were magnified or atten-
uated. The lack of a clear pattern in effect estimates indicates
the possibility of subtype-specific association in some but not
all genes. As the number of genetic studies of preterm birth
grows, careful attention to outcome classificationwill be needed
to interpret the assembled research.
Although inclusion of fetal DNA is important to under-

stand all possible pathways to preterm birth, we did not have
access to fetal DNA in the present study and were unable to
explore main effects or interactions with fetal DNA. How-
ever, thefindings of this study support population-based studies

that suggest that maternal genetics could play an independent
role in the risk of preterm birth. Additionally, tag SNPs them-
selves are not expected to be causal, and further fine mapping
of genomic regions identified by this study will be necessary
to identify the causal SNPs.
In summary, this study broadened coverage of polymor-

phisms in genes related to inflammation and explored novel
genes related to NK cells. Genes associated with NK cells
(IL12A, IFNGR2, andKIR3DL2) were novel findings, and the
results suggested that further examination of the regulatory
regions associated with cytokines on 5q31 (IL4, IL13, IL3,
and CSF2) could be fruitful.
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