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Children raised in economically disadvantaged households face in-
creased risks of poor health in adulthood, suggesting that inequalities
in health have early origins. From the child’s perspective, exposure to
economic hardship may begin as early as conception, potentially via
maternal neuroendocrine-immune responses to prenatal stressors,
which adversely impact neurodevelopment. Here we investigate
whether socioeconomic disadvantage is associated with gestational
immune activity and whether such activity is associated with abnor-
malities among offspring during infancy. We analyzed concentrations
of five immune markers (IL-1g, IL-6, IL-8, IL-10, and TNF-a) in maternal
serum from 1,494 participants in the New England Family Study in
relation to the level of maternal socioeconomic disadvantage and
their involvement in offspring neurologic abnormalities at 4 mo and
1y of age. Median concentrations of IL-8 were lower in the most
disadvantaged pregnancies [-1.53 log(pg/mL); 95% Cl: —1.81, —1.25].
Offspring of these pregnancies had significantly higher risk of
neurologic abnormalities at 4 mo [odds ratio (OR) = 4.61; Cl =
2.84, 7.48] and 1y (OR = 2.05; Cl = 1.08, 3.90). This higher risk was
accounted for in part by fetal exposure to lower maternal IL-8,
which also predicted higher risks of neurologic abnormalities at
4 mo (OR = 7.67; Cl = 4.05, 14.49) and 1y (OR = 2.92; Cl = 1.46, 5.87).
Findings support the role of maternal immune activity in fetal neuro-
development, exacerbated in part by socioeconomic disadvantage. This
finding reveals a potential pathophysiologic pathway involved in the
intergenerational transmission of socioeconomic inequalities in health.

socioeconomic disadvantage | inflammation | gestation |
neurodevelopment | epidemiology

hildren raised in conditions of economic hardship face
higher risks of disease in adulthood and live shorter lives (1).
Given that economic hardship influences health as early as the
prenatal period (2), socioeconomic inequalities in health may
become embedded early in a child’s development. However, the
pathways through which early social and economic disadvantage
influence health to create such disparities remain unclear (3, 4).
Maternal stress responses during pregnancy may function as one
potential pathway. Maternal reports of daily “hassles” during
pregnancy—a means of estimating mothers’ exposure to every-
day stressors—predicted lower scores on infant motor and
mental development in the first year of life (5). More extreme
stressors during pregnancy, such as loss of a close relative, are
associated with severe neurologic deficits in offspring (6). These
findings suggest that transmission of the increased burden
of disease among socioeconomically disadvantaged individuals
may involve maternal stress—immune-related mechanisms dur-
ing pregnancy (7).
Here we investigate whether the social and economic environ-
ment disrupts maternal immune activity during pregnancy and, if so,
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whether there are implications for offspring neurodevelopment. To
the extent that maternal immune activity is disrupted by social
conditions during pregnancy, maternal immune dysregulation may
represent a key pathway underlying adverse neurodevelopmental
effects of prenatal social disadvantage (8).

Emerging evidence suggests that prenatal stressors can in-
duce measurable inflammatory responses, and these responses
are thought to play a major role in the fetal origins of disease (9).
Coussons-Read and colleagues have shown that women who report
high levels of psychosocial stressors, such as problematic relation-
ships or finances, have higher levels of several proinflammatory
molecules, including cytokines (IL-6, IL-18, and TNF-a) and
C-reactive protein (CRP), and lower levels of the anti-inflammatory
cytokine IL-10 (10). Wright and colleagues reported increased IL-8
(also known as “CXCL8”) and TNF-a concentrations in cord blood
following exposure to high levels of prenatal stressors (11).

Whether these responses have implications for offspring neu-
rodevelopment remains unknown, although reports that show el-
evated risks for fetal brain injury, neuropsychiatric disorders, and
cognitive deficits for children exposed to prenatal infection and
intrauterine inflammation suggest that they do (12-18). Because
both higher and lower levels of inflammatory markers are shown
to be associated with adverse neuropsychiatric outcomes in the
offspring (18-22), dysregulation of gestational immune activity,
rather than mere suppression or up-regulation of the maternal
immune system, may ultimately have the greatest impact on brain
development in the offspring.

Significance

Children raised in economically disadvantaged households face
increased risks of poor health in adulthood, suggesting early
origins of socioeconomic inequalities in health. In fact, maternal
immune activity in response to stressful conditions during
pregnancy has been found to play a key role in fetal brain de-
velopment. Here we show that socioeconomic disadvantage is
associated with lower concentrations of the pro-inflammatory
cytokine IL-8 during the third trimester of pregnancy and, in
turn, with offspring’s neurologic abnormalities during the first
year of life. These results suggest stress-immune mechanisms as
one potential pathophysiologic pathway involved in the early
origins of population health inequalities.
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Here, we extend this work by investigating the associations be-
tween socioeconomic disadvantage during pregnancy and concen-
trations in third-trimester maternal serum of five proinflammatory
and anti-inflammatory cytokines, IL-1p, IL-6, IL-8, TNF-a, and IL-
10. These cytokines are the primary coactivators of hypothalamic—
pituitary—adrenal (HPA) axis function and thus indicate signaling
along stress-immune pathways (23, 24). Given the importance
of understanding the roles of both proinflammatory and anti-
inflammatory responses in fetal development, IL-10, which is con-
sidered anti-inflammatory, was included. Using data from a preg-
nancy cohort that collected extensive medical data throughout
gestation, we were able to examine the influence of socioeconomic
disadvantage on inflammatory molecules independent of the impact
of maternal infection and other chronic conditions that are medi-
cally related to increases in inflammation.

Methods

Participants. The study sample included 1,494 women enrolled during pregnancy
(1959-1966) in the Massachusetts and Rhode Island cohorts of the Collaborative
Perinatal Project (CPP) whose offspring were administered neurologic ex-
aminations at ages 4 mo and 1y. The CPP, after obtaining informed con-
sent from all participants (25), collected maternal serum samples during
pregnancy and administered pediatric and neurologic assessments to off-
spring. Participants were selected for the current investigation on the basis
of their offspring’s enroliment in the New England Family Study, a series of
adult follow-up studies of CPP children (overseen by the Institutional Re-
view Boards of Brigham and Women'’s Hospital and Harvard T.H. Chan
School of Public Health). We obtained prenatal serum samples acquired
from mothers during early third trimester from the NIH repository (12, 13).
Concentrations of maternal cytokines were assessed by multiplexed im-
munoassays and analyzed in relation to the level of maternal socioeco-
nomic disadvantage during pregnancy and clinical ratings of neurologic
development of offspring during the first year of life.

Prenatal Serologic Assays. \We assayed stored maternal serum for concentrations of
five cytokines (IL-1B, IL-6, IL-8, TNF-o, and IL-10) that have receptor locations in stress
circuitry brain regions (23). We preferentially selected samples drawn as close to the
beginning of third trimester as available from the specimen repository, given the
importance of this period for neurodevelopment and prior evidence that in-
flammation during mid to late gestation confers risk for offspring neuropsychiatric
outcomes (26-28). Previous work using samples stored under similar conditions and
for a similar length of time (>40 y) demonstrated the long-term stability of these
cytokines (12, 13). Samples blinded with respect to maternal socioeconomic con-
ditions and offspring neurodevelopment were randomly assessed using assay kits
and reagents from a single lot, and all assays were completed within a 2-mo pe-
riod. Maternal cytokine levels were analyzed using a multiplexed, bead-based
immunoassay (Milliplex human cytokine panel MPXHCYTO-60K; Millipore) on a
Luminex 3DTM detection platform (Luminex Corporation) (29). Assay sensitivities
ranged from 0.1 to 0.4 pg/mL. Twenty-five microliters of each serum sample were
diluted 1:1 in assay buffer and run with six serial dilutions (3.2-10,000 pg/mL) of
cytokine standards, two commercial-quality control samples, one in-house plasma
sample, and buffer only (background) on each 96-well plate (30). All samples,
standards, and controls were run in duplicate in assays completed accord-
ing to manufacturers’ protocols. Raw data (mean fluorescence intensity)
were captured using Luminex xPONENT software (v.4.0.846.0); concentra-
tions of immune factors in each sample were interpolated from standard
curves in Milliplex Analyst (v.3.5.5.0) using a five-parameter, weighted,
logistic regression curve equation. Measurements below the lower limit of
detection of any analyte were recoded to the midpoint between zero and
the limit of detection for that analyte. Samples initially yielding values at or
above the upper limit of analyte detection were reassayed at multiple
serial dilutions to bring concentrations into detectable range.

Clinical and Demographic Measures.

Maternal socioeconomic disadvantage. We developed a measure of socioeco-
nomic disadvantage using information collected from the social history in-
terview administered to participants upon enrollment into the study, which
we previously used to report associations with children’s neurologic abnor-
malities (31). The interview data combined information regarding (i) pa-
rental education (post-high school education, high school graduate, or non-
high school graduate), (ii) income relative to the US poverty threshold
(>150% of the poverty threshold, 100-150% of the poverty threshold, or <
poverty threshold), (iii) parental occupation (nonmanual, manual, or un-
employed), and (iv) family structure (both parents at home, single mother, or
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divorced/separated/widowed mother). Each of the four items was given a score
of 0, 1, or 2, with higher scores indicating a higher degree of disadvantage.
These scores were summed to produce a composite measure of low (0-2), me-
dium (3-5), or high (>6) socioeconomic disadvantage. More than 80% of highly
disadvantaged families were characterized by parents with less than a high
school degree, low household income, unemployed or manual occupations, and
an absent father. In contrast, the majority of parents without high levels of
socioeconomic disadvantage had a high school degree or greater education,
high income, nonmanual occupation, and were married.

Potential confounders: conditions during pregnancy associated with inflammation.
We constructed two summary measures of medical conditions that indicate
the presence of elevated maternal immune activation. The first of these
represents common conditions associated with acute inflammatory re-
sponses, primarily including infections during pregnancy. The second sum-
mary measure includes reports at enrollment or during pregnancy of
conditions associated with chronic inflammation (e.g., asthma, diabetes).
Data regarding these conditions were obtained from diagnostic summaries
completed by study physicians at the time of enrollment, during pregnancy,
and at the end of pregnancy (specific conditions are reported in Table S1).
Offspring neurologic abnormalities. The presence of neurologic abnormalities at 4 mo
and 1y postnatal was established based on examinations conducted by a pedia-
trician with training in neurology or a neurologist with training in pediatrics. The
4-mo examination covered structural deformities, posturing, motor skills, and re-
sponse to specific stimuli. Examination at 1y included assessments of gait, locomotor
activities, and muscle power; the presence of involuntary movements; and ratings of
sensory and autonomic nervous system function. After completion of each neu-
rologic examination, the physician reported a global impression of the child’s
neurologic status as normal, suspicious, or abnormal. A rating of abnormal was
given when examiners could make a definite or provisional diagnosis of a
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Fig. 1. Distributions of five inflammatory cytokines in third-trimester maternal

serum according to level of socioeconomic disadvantage (low, medium, or high).
Box plots represent the distribution of each inflammatory cytokine in maternal
serum, the center line indicates the median in each group, and notches around
the center line indicate 95% Cls around the median. The dotted line indicates the
sample median. (Outliers in the first and 99th percentiles are not shown.)
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recognized syndrome or when any definite neurologic abnormality was identified.
Children with physical stigmata often associated with (but not pathognomonic for)
neurologic disorders, such as facial hemangiomas or spinal anomalies, were rated
as suspicious. Children without these features were deemed normal. The present
study compared children with either suspicious or abnormal ratings to children
with normal ratings at ages 4 mo and 1.

Statistical Analysis. Two sets of statistical analyses were performed: (i) as-
sociations between socioeconomic disadvantage and concentrations of the
five inflammatory cytokines in prenatal serum using quantile regression; and
(ii) associations of socioeconomic disadvantage and cytokine concentrations
with neurologic outcomes in infancy using logistic regression.

Quantile regression models evaluated variations in maternal immune ac-
tivity according to the level of maternal socioeconomic disadvantage. Quantile
regression was used to detect differences between groups that may exist at the
extremes of the distribution. These models estimated coefficients over the
entire distribution of each cytokine from the fifth through 95th percentiles. We
analyzed the five cytokines individually and subsequently analyzed concen-
trations of each proinflammatory cytokine (IL-1, IL-6, IL-8, and TNF-) relative
to that of the anti-inflammatory cytokine IL-10 (e.g., ratio of each proin-
flammatory cytokine:IL-10). (Linear regressions of cytokine concentrations are
presented in Tables S2 and S3 for comparison purposes.) All analyses were
adjusted for maternal race/ethnicity and gestational age at sample collection.
To estimate the effect of socioeconomic disadvantage on maternal immune
activity independent of medically related increases in inflammation, we fitted
models that controlled for maternal acute and chronic inflammatory condi-
tions as well as models limited to women without any acute or chronic con-
ditions associated with inflammation (n = 780).

Finally, logistic regression analyses were used to investigate the extent to
which socioeconomic differences in maternal immune activity during preg-
nancy affected offspring risk of neurologic abnormalities at 4 mo and 1 y.
These analyses compared the odds ratios (ORs) for neurologic abnormalities
across levels of socioeconomic disadvantage before and after adjustment for
concentrations of cytokines in gestational serum (and formal tests of me-
diation as supplementary analyses).

Results

Characteristics of the women and their offspring are presented in
Table 1. The sample was predominantly white (88.8%), and the
mean age at enrollment into the CPP was 25.1y (SD = 5.7 y). The
median (interquartile range) gestational age at sample collection
was 32 weeks (range, 30.5, 33.9 weeks); samples from all but 31 par-
ticipants were collected during the third trimester. Approximately
10% of the sample was in the most socioeconomically disadvantaged

Table 1.
through age 1 (n = 1,494)

Maternal or offspring characteristic

category. Boxplots displaying the median and interquartile ranges
of the five cytokines in maternal serum, stratified by level of
maternal socioeconomic disadvantage, are presented in Fig. 1 (for
each cytokine individually) and in Fig. S1 (for the ratio of each
proinflammatory cytokine to IL-10). The median values of IL-8
and of the IL-8:IL-10 ratio decreased markedly with higher levels
of socioeconomic disadvantage.

Quantile regression analyses showed that the most socioeco-
nomically disadvantaged women had significantly lower concen-
trations of IL-8 than less disadvantaged women (Fig. 2). These
differences were most pronounced in the upper half of the IL-8
distribution according to the quantile regression coefficient plot
for IL-8 (Fig. 2, Middle Left) and the quantile regression coeffi-
cients in Table S4, which increased in magnitude from —0.62 at the
20th percentile to —1.51 at the 80th percentile. Concentrations of
the IL-8:IL-10 ratio were also significantly lower among socio-
economically disadvantaged women (Fig. S2, Lower Left and Ta-
ble S4). TNF-a, IL-6, and IL-1p were not significantly related to
socioeconomic disadvantage and thus were not analyzed further.
(Inferences were unchanged when using more conservative 99%
ClIs to account for the five cytokines analyzed.)

Associations between socioeconomic disadvantage and the
concentration of IL-8 in prenatal serum were not affected by the
presence of infectious or other medical conditions associated with
inflammation. When adjusted for the presence of any infection or
chronic inflammatory condition during pregnancy, a significant
association between socioeconomic disadvantage and IL-8
remained in the quantile regressions (Fig. S3, Left). In analyses
that removed women with any acute or chronic conditions asso-
ciated with inflammation, results were unchanged, i.e., greater
socioeconomic disadvantage was associated with lower concen-
tration of IL-8 and lower IL-8 relative to IL-10 (Fig. S3, Right).

Finally, we examined the association among maternal socio-
economic disadvantage, IL-8 levels, and offspring neurologic
outcomes during the first year of life. Greater maternal socio-
economic disadvantage was associated with a 4.6-fold higher odds
of offspring neurologic abnormalities at 4 mo (CI: 2.84, 7.48) and
twofold higher odds of offspring neurologic abnormalities at 1y
(CI: 1.08, 3.90) (Table 2). The magnitude of these associations was
reduced by one-quarter to one-third in models that included
concentrations of IL-8 and IL-10 (model 2 for each outcome, in
which the corresponding ORs for neurologic abnormalities were

Descriptive characteristics of mothers during pregnancy and their offspring followed

Median

Percent (n) (25th and 75th percentiles)

Demographic characteristics of participants
White race/ethnicity
Maternal age at enrollment
Level of socioeconomic disadvantage
High
Medium
Low
Medical conditions present during pregnancy
Infection
Condition associated with chronic inflammation
Inflammatory cytokines in maternal serum
Weeks of gestation at prenatal sample collection
IL-1B concentration, pg/mL
IL-6 concentration, pg/mL
IL-8 concentration, pg/mL
TNF-a concentration, pg/mL
IL-10 concentration, pg/mL
Offspring neurologic outcomes
Neurologic abnormalities at 4 mo (n = 1,262)
Neurologic abnormalities at 1y (n = 1,367)

88.8% (1, 327)
24.0 (21.0, 29.0)

9.5% (142)
31.5% (471)
59.0% (881)

45.6% (681)
12.9% (193)

32.0 (30.5, 33.9)
1.2 (0.2, 6.8)
1.3 (0.5, 3.8)

10.4 (3.2, 64.7)
3.5 (2.3, 5.0
2.0 (1.0, 3.7)

16.2% (204)
9.4% (128)
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3.09 at 4 mo and 1.56 at 1y) and the IL-8:IL-10 ratio (model 3 for
each outcome, in which the corresponding ORs for neurologic
abnormalities were 3.47 at 4 mo and 1.71 at 1y). These analyses
also revealed that lower IL-8 relative to the concentration of IL-
10 was associated with substantially elevated risks of neurologic
abnormalities at 4 mo (OR: 4.47; CI: 2.53, 7.87) and 1 y (OR: 2.36;
CI: 1.25, 4.45). Results of formal analyses of mediation are pro-
vided in Table S5; these analyses provide estimates of indirect
effects, that is, the proportion of the effect of socioeconomic
disadvantage on children’s neurologic outcomes that is the result
of variation in gestational immune activity. Exposure to high vs.
low socioeconomic disadvantage was associated with a 1.36 (CI:
1.20, 1.53) higher odds of neurologic abnormalities at 4 mo and
1.22 (CI: 1.07, 1.37) higher odds of neurologic abnormalities at 1y
as a result of fetal exposure to maternal cytokines.

Discussion

Socioeconomic disadvantage during pregnancy has been shown
to affect offspring brain development significantly (31). We in-
vestigated whether this effect is caused in part by variations in
maternal immune activity associated with maternal socioeconomic
disadvantage, given its association with adverse pregnancy outcomes
and offspring cognitive, neurologic, and psychiatric conditions (17,
18, 32). We found that greater maternal socioeconomic disadvan-
tage was associated with significantly lower concentrations of the
proinflammatory cytokine IL-8 during the third trimester and with a
lower ratio of IL-8 to the anti-inflammatory cytokine, IL-10. These
associations were independent of maternal medical conditions
known to induce dysregulation of immune responses. Moreover,
lower concentrations of IL-8 in maternal serum were associated
with the presence of offspring neurologic abnormalities during early
life (at ages 4 mo and 1 y). Lower IL-8 also accounted for a sig-
nificant proportion of the association between maternal socioeco-
nomic disadvantage and offspring neurologic abnormalities.

Limitations. Although study procedures were standardized through-
out the CPP, we cannot rule out measurement error or the possibility
that measurement error was correlated with parental socioeconomic
circumstances. That is, there is the possibility that physicians would be
more likely to rate children from socioeconomically disadvantaged
families as neurologically abnormal. However, a major CPP objective
was to study children’s neurological development using a systematic,
comprehensive assessment across all 12 study sites. Further, although
the CPP was conducted between 1959 and 1974, there is evidence to
support the generalizability of this historic study to contemporary
circumstances, because the socioeconomic assessments were vali-
dated at the time the CPP was conducted and have been related to
adult physical and mental health outcomes (33, 34).

It is possible that analytes were subject to degradation because
the samples were drawn in the 1960s. However, importantly,
such degradation would not have been greater in the samples
obtained from socioeconomically disadvantaged pregnancies,
because storage conditions and duration of storage did not
differ across groups. It is possible that cytokines degraded at
different rates. Cytokine degradation would have attenuated
associations toward the null and thus could be one explana-
tion for not having found associations involving four of the
five cytokines analyzed. That said, we note that cytokine
concentrations in the CPP samples are within the same ranges
as those in samples obtained from participants in more recent
pregnancy cohorts (35, 36).

The time of day of blood collection was not recorded; the lack
of information on the circadian rhythm in the cytokines could
have attenuated associations toward the null. We also could not
evaluate effects involving trimester-specific inflammation, which
should be pursued in future studies. Finally, it has been argued
that cytokines drawn from maternal serum rather than cord
blood are indirect rather than direct indicators of fetal exposure.
However, there is evidence that maternal prenatal cytokines
correlate with offspring cytokines at 2 mo postnatal (37).

Gilman et al.

Prenatal Stress and Maternal Immune Functioning. The inverse re-
lationship of high socioeconomic disadvantage and maternal
cytokine levels may be explained, in part, by the finding in nu-
merous studies that high levels of glucocorticoids (as may occur
with a stress challenge or chronic exposure to stressors) tend to
suppress inflammatory responses (24). In particular, glucocorti-
coids are known to reduce concentrations of IL-8, a potent
neutrophil chemoattractant and activator, by accelerating the
decay of messenger RNA coding for IL-8 (24, 38).

Although physiologic responses to stressors are typically attenuated
during a healthy pregnancy (39), our findings suggest that socioeco-
nomic disadvantage could precipitate dysregulation of the mother’s
ability to regulate a healthy response to stressful conditions. In this
case, stress-induced elevations of glucocorticoids may be exagger-
ated and/or more persistent in socioeconomically disadvantaged
pregnancies, thereby resulting in greater immunosuppression and
lower concentrations of IL-8, as observed in this study. The asso-
ciation between stressors and inflammation during pregnancy likely
depends on gestational timing, given the importance of pro- and
anti-inflammatory cytokine balance. In early pregnancy, the im-
mune balance is skewed toward activation, given that inflammation
has been found to be essential for implantation (40-42). In contrast,
the attenuated inflammatory responses of later pregnancy are
thought to represent adaptations that protect the fetus from re-
jection by the maternal immune system (39).

The effects of glucocorticoids on immune activity are dynamic
and bidirectional (43). Although acute exposure to glucocorti-
coids is typically associated with suppressed immune responses,
chronic exposure is thought to enhance proinflammatory re-
sponses, potentially by inducing glucocorticoid resistance (9, 24).
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Fig. 2. Results of quantile regression models of the association between

socioeconomic disadvantage (high or medium vs. low) and the concentration

of five inflammatory cytokines (on the logarithmic scale) in third-trimester

maternal serum. Bands indicate 95% Cls.
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Table 2.

offspring neurologic abnormalities at age 4 mo and 1y

Neurologic abnormalities at 4 mo, OR (Cl)

Effects of socioeconomic disadvantage and inflammatory cytokines in third-trimester maternal serum on

Neurologic abnormalities at 1y, OR (Cl)

Predictor Model 1*

Model 2"

Model 3"

Model 1*

Model 2*

Model 3"

Socioeconomic disadvantage

High 4.61(2.84,7.48) 3.09 (1.83, 5.19) 3.47 (2.06, 5.82)

Medium 2.60 (1.86, 3.65) 2.10 (1.47, 3.00) 2.26 (1.60, 3.20)

Low Reference Reference Reference
IL-8 quintile

First 7.67 (4.05, 14.49)

Second 5.25 (2.76, 10.01)

Third 3.09 (1.55, 6.18)

Fourth 1.95 (0.96, 3.96)

Fifth Reference
IL-10 quintile

First 0.58 (0.34, 1.00)

Second 0.97 (0.59, 1.60)

Third 0.70 (0.40, 1.12)

Fourth 0.60 (0.35, 1.12)

Fifth Reference

IL-8:IL-10 ratio quintile
First

4.47 (2.53, 7.87)

Second 4.09 (2.28, 7.34)
Third 2.20 (1.20, 4.05)
Fourth 1.22 (0.63, 2.37)
Fifth Reference

2.05 (1.08, 3.90)
1.82 (1.23, 2.69)
Reference

1.56 (0.80, 3.02)
1.66 (1.13, 2.44)
Reference

2.92 (1.46, 5.87)
2.96 (1.50, 5.84)
2.90 (1.44, 5.84)
1.52 (0.72, 3.24)
Reference

0.82 (0.44, 1.54)
0.62 (0.32, 1.22)
0.66 (0.35, 1.22)
0.90 (0.49, 1.67)
Reference

1.71 (0.90, 3.25)
1.66 (1.12, 2.46)
Reference

2.36 (1.25, 4.45)
2.16 (1.14, 4.12)
1.99 (1.04, 3.82)
1.27 (0.68, 1.95)
Reference

Results of logistic regression analyses in which the dependent variable is the presence of clinician-rated neurologic abnormalities in
offspring at 4 mo or 1y. The sample size for the analysis of neurologic abnormalities at 4 mo = 1,262, at 1y = 1,367.
*Model 1 also adjusts for the presence of infections and medical conditions associated with chronic inflammation, maternal smoking

during pregnancy, race/ethnicity, and offspring sex.

"Models 2 and 3 additionally adjust for gestational age at prenatal sample collection.

Our study focused on a multifaceted, chronic exposure—socio-
economic disadvantage—that was likely to remain stable through-
out the entire pregnancy. In contrast, other studies of the
association of prenatal stressors with glucocorticoid levels fo-
cused on more acute stressors, which might vary to a greater
degree across pregnancy (44, 45). It is noteworthy that only IL-8
was found to be suppressed in the face of the complex, chronic
stressors posed to the pregnancy through socioeconomic disad-
vantage. We speculate that in the context of glucocorticoid re-
sistance, such as is thought to occur with prolonged exposures to
stressful conditions and persistently high levels of glucocorticoids
(46), maternal IL-1p, IL-6, and TNF-a might escape the immu-
nosuppressive effects of glucocorticoids. In contrast, IL-8 may
remain sensitive to glucocorticoid suppression through an as-yet-
undefined mechanism.

Immune Programming of Offspring Brain Health. Although some
studies reported that high levels of proinflammatory cytokines
during pregnancy were associated with worse outcomes in off-
spring [e.g., cerebral palsy (19), schizophrenia (21), and autism
(22)], we recently reported that lower levels of maternal cyto-
kines were associated with higher risk of depression and psy-
chosis among female offspring (12, 13). These studies are
consistent with work by Kaukola and colleagues, who reported
lower concentrations of IL-6 in cord blood associated with
neurologic abnormalities at age 2 (47), and by Von Ehrenstein
and colleagues, who reported that higher concentrations of IFN-y
and TNF-a in cord blood were protective against poor cognitive
outcomes at age 7'y (18).

Our analyses point to IL-8, an angiogenic factor with impor-
tant roles in normal uterine and placental physiology, including
vascular remodeling and permeability of the fetal-maternal unit
(48, 49). In the third trimester, the time point at which the
samples for analyses here were drawn, IL-8 is up-regulated via
activation of the prokineticinl receptor (PKR1) for endothelial

6732 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1617698114

cell chemotaxis and proliferation (48). In animal models, in-
creased glucocorticoid exposure early in the third trimester has
been reported to inhibit the expression of the PKRI1 ligand,
prokineticinl (PK1), resulting in decreased placental vasculari-
zation (50) and, consequently, deficits in fetal neurodevelopment
(51). Furthermore, the receptor for IL-8, CXCR2, is present in
the human fetal brain and plays a role in synaptogenesis (52).
Deficits in IL-8 signaling through CXCR?2 therefore may disrupt
the normal trafficking of neuronal processes and the formation
of appropriate synaptic contacts during CNS development (53).
These IL-8/CXCR2 signaling abnormalities could be potential
mechanisms underlying the observed neurologic disturbances in
the offspring of the socioeconomically disadvantaged pregnancies.

Although the directions of associations between gestational
immune activity and offspring neurodevelopmental and neuro-
psychiatric outcomes vary across studies, there is consistent evi-
dence that prenatal stress adversely affects neurodevelopment
(8, 28). For example, in the national CPP sample, socioeconomic
disadvantage assessed during pregnancy conferred an elevated
risk for neurologic abnormalities through early childhood (31).
Here we show that the involvement of socioeconomic disadvan-
tage in the increased risk of neurologic abnormalities at 4 mo and
1y was attributable, in part, to socioeconomically driven variations
in gestational immune activity. We thus suggest that one pathway
through which social disadvantage affects the next generation
involves immune signaling (17). Our observations suggesting
that gestational stress may suppress IL-8 need to be replicated
and assessed within a broader panel of inflammatory and stress
response molecules.

The generally larger associations of socioeconomic disadvantage
and gestational IL-8 with neurologic abnormalities at 4 mo than at
1y may be an indication that such effects become weaker over time,
perhaps as a result of developmental plasticity or the possibility that
such effects are mitigated by postnatal environment (54). That said,
studies showing associations between gestational inflammation and
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offspring psychopathology in adulthood suggest that if effects do
weaken over time in the context of early development, underlying
vulnerability may resurface later as the brain and its connectivity
mature and frank illness is expressed (12, 21, 23).

The importance of the early childhood environment for long-
term health has been well established (1). Here, we provide
further evidence for the role of the social environment during
pregnancy on the neurodevelopment of offspring. Our findings
point to gestational maternal immune activity as one potential
pathway contributing to the intergenerational transmission of
socioeconomic inequalities in health. Given the long-term asso-
ciations between health at the beginning of life and adult health
and longevity, investment in maternal health during pregnancy,
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irrespective of the mechanisms involved, would likely reduce the
intergenerational transmission of health inequalities.
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