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Prenatal anxiety has been linked with altered immune function in offspring in animal studies, but the rel-
evance for human health is unknown. We examined prenatal maternal anxiety as a predictor of adaptive
immunity in infants at 2 and 6 months of age as part of a prospective longitudinal study. The humoral
immune response to hepatitis B vaccine was assessed at 2 months (n=380) and 6 months (n=76) of
age. Prenatal anxiety predicted lower hepatitis B antibody titers at 6 months of age independent of
obstetric and socio-demographic covariates; the effects were limited to those infants who had not com-
pleted the 3-dose vaccine series (for transformed titer values, r = —.36, p <.05). Cell-mediated immune
responses at 2 (n=56) and 6 (n=>54) months of age were examined by ELISpot assays for inter-
feron(IFN)-v, interleukin(IL)-2, and IL-4 responder cell frequencies to three antigens: hepatitis B surface
antigen, tetanus toxoid, and phytohaemagglutinin (PHA). Prenatal maternal anxiety was associated with
reduced IFN-y and increased IL-4 responder cell frequencies at 6 months of age, independent of obstetric
and socio-demographic covariates. No effect of prenatal anxiety was found on adaptive immunity at
2 months of age. The findings provide the first demonstration in humans that prenatal anxiety alters
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adaptive immunity in the infant.
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1. Introduction

Several lines of empirical study and theory suggest that the pre-
natal environment may have lasting effects on the offspring’s
behavioral and biological development (Barker, 2007; Gluckman
et al., 2005). Prenatal stress is an exemplar. Experimental animal
studies demonstrate that offspring of prenatally stressed mothers
exhibit disturbances in behavior, stress physiology, cardiovascular
function, neurological development, and immunity that persist
into adulthood (Clarke and Schneider, 1993; Coe and Lubach,
2005; Diz-Chaves et al., 2012; Henry et al., 1994; Kay et al,,
1998). Because of the potential public health implications of these
observations, several research programs have sought to translate
these findings to human development. Data so far reported suggest
that a wide range of outcomes in humans is linked with prenatal
anxiety or stress (both risk phenotypes have been used in human
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studies), including psychiatric symptoms (Gutteling et al., 2005;
O’Connor et al., 2003), cognitive and language ability (Laplante
et al., 2008), neurodevelopment (Buss et al., 2012; Glover et al.,
2004; Obel et al., 2003), and stress physiology (Davis et al., 2011;
O’Connor et al., 2013; O’'Donnell et al., in press). The current study
provides further translation of this work by assessing the link be-
tween prenatal anxiety and adaptive immunity in infants.

Animal studies suggest that prenatal stress has lasting effects
on the immune system of offspring (Coe et al., 2002, 2007; Couret
et al., 2009; Kay et al., 1998). Although the kind of stress exposure
and the particular index of immune function vary across investiga-
tion, results generally indicate that prenatal stress compromises
immune responses in the offspring. Whether or not a similar link
exists in humans is not known. Indirect support is suggested by
studies demonstrating an association between prenatal maternal
anxiety or other mood states with asthma (Khashan et al., 2012;
Lefevre et al., 2011) and infectious diseases (Nielsen et al., 2011)
in children; studies using cord blood samples report associations
between lymphocyte subset distributions and mode of delivery
as an index of perinatal stress (Duijts et al., 2008), and between
maternal stress and select in vitro cytokine responses (Wright
et al,, 2010). The current study, the first to examine prenatal anx-
iety and specific immune responses in infants, extends this line
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of study by assessing both humoral immune responses and antigen
specific T cell responses to vaccination in serial blood draws in 2-
and 6-months-old infants.

Antibody responses to hepatitis B vaccine are an in vivo indica-
tor of the infant immune response to a novel antigen. The exami-
nation of hepatitis B antibody responses provides several
advantages for experimental study. First, maternal vaccination or
infection with hepatitis B in pregnancy is rare (and subjects with
either can be excluded); furthermore, unlike other immunizations
such as measles, there is no maternal antibody interference of the
infant immunization response for hepatitis B (Junqueira et al.,
2011; Wang et al., 2011), and so the infant humoral immune re-
sponse is a de novo response with no interference from maternal
antibodies. A second advantage is that the hepatitis B vaccine is a
3-dose series. The Center for Disease Control and Prevention
(CDC) guidelines in place at the start of the study recommended
a birth dose, a second at 2 months, and a final dose of vaccine be-
tween 6-18 months of age for all infants. This schedule offers
short-term longitudinal leverage to track the infant immune re-
sponse to multiple vaccine doses. Third, although clinical effective-
ness has been demonstrated, individual differences in antibody
production are regularly reported, especially following the initial
dose, in infants (Davis, 2005; Greenberg et al., 1996; Samandari
et al,, 2007) as well as adults (Marsland et al., 2001). In adults, this
variation, particularly variation in response to an initial dose, has
been linked with psychological factors and traits, such as stress
and mood (Burns et al., 2002; Marsland et al., 2001, 2006). We
examine variation in infant antibody response in relation to prena-
tal maternal anxiety.

In addition to measuring antibody production, T cell responses
to vaccine were examined using standard in vitro Elispot tech-
niques for measuring interferon (IFN)-vy, IL-2, and IL-4 responder
cell frequencies to hepatitis B surface antigen, tetanus toxoid,
and PHA. Previous data have shown that IFN-y recall responses
to both hepatitis B and tetanus antigen are due to CD4+ T cell re-
sponses almost exclusively, and therefore, these targets were cho-
sen (Ota et al., 2004). We chose IFN-y T cell responder cell
frequencies as a measure of type 1 responses and IL-4 for type 2 re-
sponses. In addition, we measured IL-2 responder cell frequencies
because of prior data suggesting that the dominant T cell response
to hepatitis B vaccine is via cells producing IL-2 (De Rosa et al.,
2004). Including markers of both type 1 and type 2 responses al-
lowed us to test the hypothesis that prenatal maternal anxiety,
an index of early stress exposure, would be associated with a re-
duced type 1 response in comparison to a type 2 response, which
is the pattern that would be expected to underlie reports linking
prenatal anxiety to asthma.

We applied the research paradigm used to explain variation in
hepatitis B immune responses in adults to a study of prenatal
maternal anxiety and child immune function. Our hypothesis
was that children whose mothers experienced greater anxiety in
pregnancy would exhibit less robust immune responses. We also
examined a possible mechanism for this association. Prenatal glu-
cocorticoid exposure is a leading candidate mechanism that might
link prenatal maternal anxiety or stress and immune function in
the child. Specifically, prenatal anxiety or stress may alter maternal
hypothalamic-pituitary-adrenal (HPA) axis function which may
influence the development of the fetal HPA axis (O’Connor et al.,
2005; O’Donnell et al., in press) and possible infant immune
responsiveness given the suppressive effect of HPA axis hormones,
particularly cortisol, on the immune system (Glaser and Kiecolt-
Glaser, 2005; Moynihan and Ader, 1996). Research utilizing direct
measurement of fetal exposure to (or production of) glucocorti-
coids is limited; we include in this study maternal prenatal diurnal
cortisol at two time points in pregnancy as an index of fetal gluco-
corticoid exposure.

2. Methods
2.1. Participants and procedures

Pregnant women attending a university medical center obstet-
rics clinic in a medium-sized urban setting were approached to
participate in a study on mood in pregnancy and child develop-
ment. The clinic serves a disproportionate percentage of low-in-
come, urban, minority women. A total of 2607 women were
approached at their initial clinic visit; of these, 1209 met the inclu-
sion criteria by being 20-34 years of age, with no current or history
of psychotic illness, having a normal medical risk pregnancy (as
determined by obstetrics clinic staff and physicians), and being
able to communicate in English.

Routine prenatal maternal screening included screening for
hepatitis B surface antigen; all those who were positive (indicating
active infection) were excluded from the study. Prenatal screening
does not routinely include screening for maternal hepatitis B anti-
bodies (anti-HBs), which may be positive if there was past immu-
nization or prior resolved infection. Wang et al. (Wang et al., 2011)
and Junqueira et al. (Junqueira et al., 2011) reported that maternal
antibody to hepatitis B surface antigen does not interfere with hep-
atitis B vaccine response in the infant; Hu et al. (Hu et al., 2008) re-
ported that there is interference but only at high maternal anti-HBs
titer (>1000 mIU/ml). Full hepatitis B vaccine history was available
on a subset (40%) of mothers; of these, 23% had been immunized
for hepatitis B, with an average of 9 years prior to the baby’s birth
(see Supplementary information).

Of those who met these inclusion criteria, 627 (52%) expressed
an interest in participating in the study. For these women, we ap-
plied a screening process to over-sample women with significant
prenatal anxiety. Screening for prenatal anxiety was based on the
Penn State Worry Questionnaire (PSWQ) (Behar et al., 2003; Meyer
et al,, 1990); women completed the measure at the time of the ini-
tial clinic visit, usually 8-12 weeks gestation. We adopted a com-
paratively low cut-off score for screening for clinically significant
anxiety: women scoring above 45 on the PSWQ and a subset of wo-
men scoring below 45 were invited to participate in the study; this
resulted in over-sampling women with clinically significant anxi-
ety (n=210). Because the enrollment time frame was approxi-
mately 24 months, there were 12 women with repeat
pregnancies; we adjusted for >1 child from the same mother in
the analyses below. Once enrolled, women were assessed at
approximately 20 and 32 weeks gestation for psychiatric and psy-
chosocial factors and diurnal cortisol; the mother and baby were
assessed when the child was 2- and 6-months of age, at which time
we conducted developmental assessments of the baby and col-
lected a blood sample via venipuncture. All questionnaire mea-
sures were read aloud to the mother in an interview format.
Mothers provided written informed consent to participate and
the study was approved by the local Institutional Review Board.

2.2. Measures

2.2.1. Maternal anxiety

The key index of anxious symptoms in the study was the PSWQ
(Meyer et al., 1990), a 16-item index of worry with considerable
evidence for reliability and validity; the PSWQ has been used in
the perinatal period (Swanson et al., 2011). We averaged scores
at 20 and 32 weeks gestation to index prenatal anxiety in the ab-
sence of strong a priori prenatal anxiety timing effects (see below).
An additional index of anxiety was the state subscale of the State-
Trait Anxiety Inventory (STAI) (Spielberger et al., 1983), a 20-item
index of current anxiety-related items with considerable validity
and reliability. To address limits of self-report questionnaires, we
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administered the Structured Clinical Inventory for DSM-IV (First,
1995). For analyses below we consider those women who met cri-
teria for Generalized Anxiety Disorder at either prenatal assess-
ment as having a prenatal diagnosis.

2.2.2. Maternal diurnal cortisol

At each prenatal visit, mothers were instructed to provide diur-
nal cortisol according to a standard protocol (MacArthur Research
Network on Socioeconomic Status and Health, http://www.mac-
ses.ucsf.edu/research/allostatic/notebook/salivarycort.html). Sam-
ples were collected at awakening and then 45 min, 2.5 h, 8 h, and
12 h after awakening on an ordinary week-day. Women were pro-
vided pre-labeled, color-coded tubes, and a diary for reporting col-
lection time. Collection was made using salivettes (Starstedt,
Newton, NC). Women were trained in how to use the salivettes, in-
structed to avoid brushing teeth and eating 30 min prior to sam-
pling, and instructed to store the samples in a refrigerator until
the next regularly scheduled obstetrics visit. Reminder phone calls
were used where needed to coordinate sample collection. Samples
were kept at —20 °C until assayed using commercially available
high-sensitivity enzyme-linked immunoassay kits (Salimetrics,
State College, PA) which have a range of sensitivity from 0.003 to
3 pg/dl. All samples were run in duplicate; average intra- and in-
ter-assay coefficients of variation were 4.13% and 8.89%. Maternal
prenatal diurnal cortisol data at 20 and 32 weeks gestation were
analyzed using the area under the curve with respect to ground
(Fekedulegn et al., 2007).

2.2.3. Hepatitis B antibody titer

Using serum separator tubes, peripheral whole blood from ba-
bies was obtained and the serum was separated by centrifugation
and transferred to sterile cryovials and frozen at —80 °C until time
of assay, per the manufacturer’s protocol. Antibodies to hepatitis B
surface antigen were detected using the MONOLISA enzyme-linked
immunoassay kit from Bio-Rad Laboratories (Redmond, WA). The
assay was read at 450 nm using an automated SpectraMAX 340
microplate reader (Molecular Devices, Sunnyvale, CA). Samples
were assayed in duplicate when possible. Hepatitis B antibody con-
centrations were assessed as a continuous measure and as a
dichotomous measure of seroconversion (>10 mIU/ml).

The study visits at 2- and 6-months of age were planned to pre-
cede on the same day the well-baby visits when routine vaccines,
including hepatitis B and diphtheria, tetanus and acellular pertus-
sis (DTaP) were administered. That is, at the 2-month visit the in-
fant hepatitis B titer would reflect the response to the birth dose; at
the 6-month visit the hepatitis B titer would reflect the response
following two doses. In practice, because of missed and resched-
uled appointments, this was not possible in all cases. In addition,
because some mothers refused the birth dose (<10%) and the pedi-
atric clinic was immunizing “ahead” of schedule in some cases,
there was variation in the number of hepatitis B immunizations re-
ceived by the infants at the 2- and 6-month visits. We consider the
number of immunizations and the timing of the last immunization
as covariates in our analyses of hepatitis B antibody titer.

2.2.4. Cytokine secretion ELISpots

Fresh peripheral blood mononuclear cells (PBMCs) were ob-
tained from 0.5-2 ml of heparinized venous blood via density gra-
dient centrifugation (same venipuncture used for measurement of
antibody responses) and were used in ELISpot assays. Briefly, 96
well ELISpot plates (Millipore, MAIPS4510) were coated with
anti-human IFN-vy (1 pg/mL, MabTech, Cincinnati, OH), IL-2 (1:60,
R&D Systems, Minneapolis, MN) or IL-4 (1 pg/mL, MabTech, Cin-
cinnati, OH), and blocked with RPMI with 8% fetal bovine serum.
PBMC were loaded into wells and incubated overnight for 16-
18 h with hepatitis B antigen (10 pg/mL, Aldevron, South Fargo,

ND), tetanus toxoid (1 Lf/mL, Cylex Incorporated, Columbia, MD),
or phytohemagglutinin (PHA; 20 pg/mL, Sigma Aldrich). PBMCs
plated in RPMI + 8% FBS served as background controls. Addition-
ally, an internal control was used for each assay. After washing,
wells were incubated with alkaline phosphatase conjugated anti-
human IFN-y (1 ug/mL, MabTech), IL-2 (1:60, R&D Systems) or
IL-4 (1 pg/mL, MabTech), and spots were developed with substrate
vector kit (Vector Laboratories, Burlingame, CA), counted on an
Immunospot CTL reader (Cellular Technologies, Ltd) and was ex-
pressed as cells per 10° PMBC. Background control well values
were subtracted from stimulated well values.

2.2.5. Circulating cytokines

Milliplex MAP high-sensitivity human cytokine magnetic beads
(Millipore, Billercia, MA) in conjunction with the Bio-Plex 200 (Bio-
Rad, Hercules, CA) Luminex platform was utilized, as per manufac-
turer’s instructions, to quantify circulating interleukin-12 (IL-12)
using 50-100 pl of serum obtained as described above. Briefly,
magnetic beads coated with antibodies to human IL-12 were
washed in a 96-well plate using a magnetic plate washer. Serum
samples diluted 1:2 with serum matrix (provided) along with the
kit standards and controls were then added. All subject samples
were run in duplicate when possible. The plate was incubated
overnight at 4 °C on an orbital plate shaker then the beads were
washed followed by the addition of biotin- conjugated detection
antibody. After incubating and shaking at room temperature for
60 min, streptavidin—phycoerythrin was added and the plate was
incubated with further shaking for an additional 30 min. The beads
were washed, re-suspended and streamed through the lasers in the
Bio-Plex 200. Data were analyzed using the Bio-Plex Manager soft-
ware, version 4.1 (Bio-Rad, Hercules, CA). The minimum detectable
concentration of IL-12 with this kit is 0.34 pg/ml.

2.2.6. Covariates

Obstetric factors included maternal BMI, pregnancy complica-
tions (composite index based on obstetrician review), smoking
(coded yes/no) and alcohol intake (coded yes/no) in pregnancy,
as well as birth weight, gestational age, and mode of delivery (vag-
inal versus cesarean section). Psychosocial and demographic covar-
iates included maternal education, race/ethnicity, health insurance
status, marital status, income, and infant sex; for the hepatitis B
antibody analyses we also considered the manufacturer of the hep-
atitis B vaccine at the most recent immunization (Greenberg et al.,
1996).

2.2.7. Statistical analyses

For analyses of hepatitis B antibody titer we include the number
of immunizations and the timing of the last immunization as
covariates. Bivariate analyses examine the association between
prenatal anxiety and antibody titer according to assessment age
and number of vaccinations received; the final prediction model
included a prenatal anxiety X dose interaction to test the hypoth-
esis that the association between prenatal anxiety and infant hep-
atitis B antibody titer varied as a function of immunization history,
after accounting for covariates. In analyses of T cell responses, we
consider as potential confounders immunization history of hepati-
tis B vaccinations for responder cell frequencies to hepatitis B sur-
face antigen; similarly, we consider history of tetanus toxoid
vaccinations for responder cell frequencies to tetanus toxoid. We
first examine correlations between prenatal maternal anxiety and
IFN-v, IL-2, and IL-4 responder cell frequencies to the hepatitis B
surface antigen, tetanus toxoid, and PHA antigens at 2 and
6 months of age; this is followed by a regression model that in-
cludes covariates. We report raw values of antibody response to
hepatitis B vaccination and responder cell frequencies for descrip-
tive purposes, but correlation and prediction analyses are based on
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the square root transformation because of the non-normal distri-
bution of the raw data (findings were substantially identical with
the raw and transformed data using natural log or square root
transformation). In addition to prenatal maternal anxiety as a
predictor, we also consider maternal prenatal diurnal cortisol as
a predictor of infant adaptive immune outcomes. Obstetric and so-
cio-demographic covariates noted above are examined as possible
confounds. Final prediction models are analyzed using generalized
estimating equations.

3. Results

Of the 210 mothers originally recruited, 4 were excluded be-
cause of significant drug use or psychotic illness that was identified
only after enrollment; we also subsequently excluded 8 children
because of very low birth weight (<1500 g), stillbirth, or significant
health problems that would confound analyses of immune func-
tion (e.g., sickle cell disease), leaving 198 participants. Of these,
142 (72%) returned for a visit by 6 months of age (133 at 2 months,
123 at 6 months). Women and their babies who were seen for a
postnatal visit did not differ from those who did not return for a
postnatal visit on prenatal anxiety, socio-demographic factors, or
obstetric outcomes; however, mothers lost to contact had a lower
prenatal BMI than women who remained in the study
(F(1,196) = 4.72, p = .03). Descriptive data are supplied in Table 1.

3.1. Hepatitis B antibody response to immunization

At the 2-month visit, blood samples for hepatitis B antibody ti-
ters were collected on 86 (65%) infants; the primary reason for
missing data was failure to obtain a sufficient sample (31, 23%).
Of these 86 infants, 10 were subsequently excluded because of a
measurable hepatitis B antibody titer in the mother; 8 were ex-
cluded because of technical problems with the blood sample; 1
sample was excluded because of uncertainty about the date of hep-
atitis B vaccine administration. The majority of infants, 54 (81%),
had a single dose of vaccine (range: 0-2); the number of doses
was not significantly associated with prenatal anxiety or covari-
ates. Variation in hepatitis B antibody titer concentration at
2 months of age was associated with the number of doses; for
transformed data, r(67)=.36, p<.01, but there was variation
among those with 1 dose (raw mean 61.01 mIU/ml [SD 183.40])

Table 1
Socio-demographic characteristics of mothers and babies.

Mean (SD)/%

Maternal age 24.39 (3.90)
Ethnicity/Race

African-American 58%
White/Caucasian 28%

Hispanic 13%

Other 1%

Education (years) 12.5(1.77)
<high school 24%

HS or equivalent 37%

>HS < college degree 34%
College/university degree 6%

Medicaid recipient 73%

Birth weight (g) 3265.81 (490.26)
Gestational age (days) 276.26 (8.97)
Smoking (cigarettes)

None 84%

<10/day 15%
>=10/day 1%

Child sex (male) 50%

Anxiety disorder (any in pregnancy) 46%

Note: N = 142.

and 2 doses (raw mean 195.73 mIU/ml [SD 225.25]); seroconver-
sion was detected in 23/54 (43%) infants with 1 dose and 7/9
(78%) infants with 2 doses, chi-square (2)=38.94, p <.05. There
was no evidence that hepatitis B antibody concentration at
2 months was predicted from prenatal anxiety.

At 6 months, hepatitis B antibody titers were available on 75 of
123 (61%) infants assessed; the primary reason for missing anti-
body concentrations was failure to obtain a sufficient sample (28,
23%). Of these 75 infants, 11 were excluded because of a measur-
able hepatitis B antibody titer in the mother; and a further 3 cases
were excluded because of uncertainty about the timing of a hepa-
titis immunization, leaving 61 subjects for analysis. At the 6-month
visit, 28 (46%) had completed the 3-dose series; these infants did
not differ significantly from those who had not completed the
immunization series on maternal prenatal anxiety or the covari-
ates listed above. Antibody titers were significantly greater in in-
fants who had completed the 3-dose series (raw mean
509.23 mIU/ml [SD 607.84]) compared to those who had not re-
ceived the full series (raw mean 208.51 mIU/ml [SD273.93];
F(1,59)=6.530, p <.05). Also, whereas 27/28 (96%) infants who
had received the full series demonstrated seroconversion, only
26/33 (79%) who had not received the full 3-dose series had sero-
converted (chi-square(1)=4.67, p <.01). Time since last immuni-
zation was negatively associated with antibody concentration
(for transformed data, 1(61) = —.25, p =.054).

Among those infants who did not receive the full 3-dose series,
maternal prenatal anxiety was significantly negatively associated
with antibody titer (raw titer r(33) = —.35, p <.05; for transformed
values, r= —.30); in contrast, there was no significant association
between maternal prenatal anxiety and antibody titer in infants
who received the full 3-dose series (raw titer r(28)=.14, ns; for
transformed values, r=.16); see Fig. 1. Regression model results
confirmed the above analyses in showing an interaction between
vaccine history and prenatal anxiety; the effect remained signifi-
cant after adjusting for key covariates (B = .42, SE [.14]; Table 2).

3.2. T cell response to antigen/mitogen

The number of responder cells expressing IFN-v, IL-2, or IL-4
varied across the antigen or mitogen used for stimulation in sam-
ples at 2- and 6-months of age (Supplementary Table 1).

At 2 months of age, prenatal maternal anxiety was not signifi-
cantly associated with responder cell frequencies by IFN-v, IL-2,
or IL-4 to any antigen/mitogen.

However, at 6 months of age, prenatal maternal anxiety was
significantly associated with responder cells expressing IFN-y
and IL-4; this varied across antigen condition (Supplementary Ta-
ble 2). Prenatal maternal anxiety significantly predicted decreased
IFN-y producing cell frequencies to hepatitis B surface antigen at
6 months (r(54) = —.29, p <.05; Fig. 2); this association was un-
changed after adjusting for number of child hepatitis B vaccine
doses, time since last vaccination, and presence of maternal hepa-
titis B titer. A regression model indicated that maternal prenatal
anxiety predicted decreased IFN-y responder cell frequencies to
hepatitis B antigen (B =—.02 [.01], 95% CI —.04 to —.001, p <.05)
controlling for number of hepatitis B immunizations, time since
last immunization, and birth weight.

Additionally, prenatal maternal anxiety predicted increased IL-4
responder cell frequencies in response to tetanus antigen
(r(55) = .28, p <.05; Supplementary Table 2); this association was
unchanged after controlling for tetanus vaccine exposure (at
6 months, all infants had been exposed to at least one tetanus vac-
cine). A regression model for IL-4 T cell responses to tetanus anti-
gen indicated that the effect of prenatal anxiety remained
significant (B =.03 [.01], 95% CI .004-.05, p <.05) after accounting
for birth weight and other covariates (although none of the
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Fig. 1. Association between maternal prenatal anxiety and hepatitis B antibody response in 6-month-olds according to immunization history.

Table 2

Prenatal maternal anxiety predicts infant hepatitis B antibody concentration at

6 months.

B SE 95%CI (B) p

Immunization history 1291 6.95 —.72-26.53 .06
Time since last immunization -.02 .02 —.06-.02 41
Maternal prenatal anxiety —.12 .08 —.28-.04 .14
Immunization history X 42 .14 .15-.69 .01

Maternal prenatal anxiety

Note: estimates derived from final model for transformed hepatitis B antibody
response. Immunization history is coded 0 = incomplete series, 1 = complete series.
Covariates include obstetric complications, smoking, vaccine manufacturer, and
birth weigh.

covariates was a significant predictor or reduced the prenatal
maternal anxiety effect).

IL-12 is critical for the induction of IFN-y and type 1 responses
(Hendrzak and Brunda, 1995; Heufler et al., 1996). Accordingly, we
investigated if maternal prenatal anxiety was associated with a
reduction of circulating concentrations of IL-12 in the infant. We
were able to detect serum IL-12 concentrations in a subset of 30
children on whom we had Elispot data. In this subset of infants,
a modest negative association between prenatal anxiety and IL-
12 concentrations was observed at 2 months of age (1(30) = —.34,
p =.065), however, prenatal anxiety was not significantly associ-
ated with serum IL-12 concentrations at 6 months of age. Addition-
ally, serum IL-12 concentrations at 2 months of age were positively
associated with IFN-y Elispot responses to hepatitis B antigen at
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Fig. 2. Association between maternal prenatal anxiety and cell-mediated immunity: IFN- y T cell responder cell frequencies in response to hepatitis B antigen re-stimulation

in 6-month-olds.

6 months of age (r(16) = .40). Although the sample size in the latter
analysis is too small to draw firm conclusions, the findings are con-
sistent with the hypothesis that prenatal anxiety may impair type
1 responses to antigen via reduced concentrations of IL-12 in early
infancy.

Supplementary analyses (see supplementary results) indicated
that the prediction of adaptive immunity extends to other mea-
sures of anxiety collected in pregnancy.

4. Discussion

The role of adaptive immunity in conferring protection to the
infant is of particular importance and has attracted considerable
attention (Siegrist and Aspinall, 2009), but few studies assess
sources of normative variation. Results from the current study pro-
vide the first evidence in humans that prenatal anxiety predicts re-
duced adaptive immune responses in infants, both humoral and
cell-mediated. For antibody responses to hepatitis B vaccination,
a significant negative association between prenatal anxiety and
antibody titer was limited to those infants who did not receive
the complete vaccine series at 6 months of age, suggesting that
the relationship between prenatal anxiety and antibody response
is only observable at times of suboptimal antigen stimulation.
We also found that prenatal anxiety is associated with a reduced
type 1 and increased type 2 response in the infant; that is, prenatal
maternal anxiety may exaggerate the normal type 2 skewing and
less robust type 1 cytokine response to specific antigens (Ota
et al., 2004; PrabhuDas et al., 2011). These predictions were inde-
pendent of multiple confounds, including obstetric and psychoso-
cial factors.

Our data add to the growing list of outcomes in humans that
have been linked with prenatal anxiety or stress. In addition, these
data further translate the developmental programming model to
immune function in humans. The current results inform and ex-
tend research on the developmental origins of adult disease model,
which has typically been applied to metabolic and cardiovascular
disease and mental illness rather than immune responsiveness or

susceptibility to infectious disease (Hanson and Gluckman, 2011).
Our findings show that prenatal maternal anxiety, which may
partly underlie the developmental origins of adult disease hypoth-
esis, is associated with decreased adaptive immune responses to
vaccine and may explain increased rates of infectious and autoim-
mune disease.

The robustness of the prenatal anxiety effect on adaptive immu-
nity is implied by the association with both humoral immunity, de-
rived from in vivo analyses of infant production of antibodies, and
from measures of immune memory, derived from in vitro analyses
of T cell responses to antigen re-stimulation. Furthermore, the pre-
natal effect was generalized to symptom measures and clinical
interviewer-rated symptoms. One other consistent finding be-
tween the humoral and T cell-mediated responses was that the ef-
fect of prenatal maternal anxiety was not evident in early infancy
but was robust by 6 months of age.

These results represent an important extension of the animal
work on prenatal stress because the translation of early immune
function and response is difficult across species, and there are sub-
stantive differences in the early immune responses found in hu-
mans and rats (Hodgins and Shewen, 2012) - the species in
which much of the animal prenatal stress work on immune func-
tion is based (Kay et al., 1998). Similarly, our data in infants are
an important extension of the work reported on cord blood lym-
phocyte subsets because the phenotype of cells found in the circu-
lation at birth may not be representative of the functional
capability of individual cell types (Hodgins and Shewen, 2012).
These results also begin to translate and encourage further re-
search on early stress exposure and immune function in the child.
Many studies show that early stress exposure is associated with in-
creased rates of health problems in adults (Juster et al., 2010). Re-
sults from this investigation, and other recent research (Caserta
et al., 2008, 2011; Chen et al., 2006), imply that evidence of stress
exposure on immune function is evident early in development, at
least from 6 months of age.

Analyses of T-cell responses indicated that prenatal anxiety was
negatively associated with a type 1 response to hepatitis B surface
antigen and positively associated with a type 2 response to tetanus
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toxoid. Because these findings were in response to different vac-
cines it is difficult to draw any firm conclusions. One implication
may be that prenatal anxiety is associated with differentiation of
CD4+ T cells to further favor a type 2 response in the infant (Ota
et al., 2004). That would help explain the links between prenatal
anxiety and asthma that have been reported in the literature
(Khashan et al., 2012).

Although significant associations between prenatal anxiety and
hepatitis B antibody responses and IFN-y T cell responses to hepa-
titis B vaccine were found, there was no association between the
two types of responses. This is consistent with previous reports
(Gans et al., 1999) of both infant and adult responses to hepatitis
B vaccine (Ota et al., 2004). We did not find a predominant IL-2
CD4+ T cell response to hepatitis B antigen as previously reported
(De Rosa et al., 2004). One explanation for this may be differences
in the methods of the two studies. Our study included young in-
fants and not adult health care workers; in addition, we measured
the vaccine responses several weeks to months following vaccina-
tion and not the short time period used in the previous study (De
Rosa et al., 2004).

Glucocorticoid exposure is a leading candidate mechanism
accounting for an association between prenatal maternal anxiety
and immune outcomes in the offspring. We found no evidence
for this link in the current study, in which fetal exposure was in-
dexed by maternal prenatal diurnal cortisol. A lack of association
may be because maternal salivary cortisol is only a weak indicator
of fetal exposure, and so the current study may not have offered an
adequate test of this hypothesis. It is noteworthy that experimen-
tal animal work has not yet provided compelling data that the pre-
natal stress/immune association is mediated by glucocorticoid
exposure (Merlot et al., 2008). A second possibility is that maternal
prenatal anxiety alters maternal prenatal immune responsiveness,
which is transmitted to the fetus. We did not address this hypoth-
esis in the current study, but we note that data are so far inconclu-
sive about the impact of psychiatric symptoms on immune
parameters in pregnancy (Blackmore et al., 2011). Third, prenatal
anxiety may alter infant immune responses by exacerbating those
immunological features that are known to be immature in the in-
fant, including dendritic cell activation. For example, in the current
study, analyses of a subset of infants indicated that prenatal anxi-
ety was associated with less circulating IL-12, a known character-
istic of the neonatal response, which may help explain the reduced
IFN-v responses to vaccine noted at 6 months of age. Future work,
such as examining IL-12 production by dendritic cells in vitro, is
needed to determine how maternal anxiety might affect activation
of these cells in infants.

The lack of association between maternal prenatal anxiety
and infant immune outcomes at 2 months but a robust effect
at 6 months of age may reflect an important feature of the
developing immune response in the infant. It has been appreci-
ated for some time that the vaccine response in the neonate is
different from that observed in older infants (Hodgins and
Shewen, 2012; Siegrist, 2007). At the 2-month assessment, we
were predicting variation in the neonatal response in the vast
majority of cases, and it may be that any detectable effect of
prenatal maternal anxiety would have dissipated with the very
short-term antibody response in the neonate to the birth dose
of vaccine. By 6 months, the infant has a more mature immune
response and multiple vaccine exposures, and secondary effects
on vaccine responses may be more detectable. Similarly, the
lack of association between T cell responses and prenatal anxi-
ety (or other covariates considered) at two months of age may
be explained by a less robust CD4+ IFN-y response in young
infants, e.g.(Gans et al., 1999), although it is not yet clear from
these studies why there would be a clear association detected
by 6 months.

Limitations of the study should be noted. We were unable to
completely control the timing and number of immunizations re-
ceived by the infants during the study. We did not interfere with
the primary care of the subjects but instead coordinated our re-
search with providers based upon the routine immunization sche-
dule; our analyses controlled for the uneven timing of vaccine
administration. In addition, we capitalized on the experimental
advantages of the hepatitis B vaccine paradigm to answer ques-
tions about the impact of prenatal anxiety on the infant humoral
and cell mediated immune responses. Although we were not able
to collect data on maternal immunization history in all cases,
through routine prenatal care we were able to determine which
mothers had measurable hepatitis B surface antigen and exclude
them from our analyses. Additionally, we did not assess neonatal
hepatitis infection, nor would we propose that prenatal anxiety
would impact the risk of infection because a substantial majority
of infants demonstrated sero-conversion and because maternal
prenatal anxiety predicted variation in antibody concentrations
but not sero-conversion (see Supplementary information). A fur-
ther consideration is that we were not able to control for postnatal
exposures that may have interfered with infant adaptive immune
function. Finally, it should be noted that the risk phenotype is
likely broad, as the patterns of findings in the Supplementary infor-
mation suggest; that is consistent with the larger literature on the
effects of prenatal maternal anxiety reviewed above.

Further follow-up of our sample will examine if hepatitis B anti-
body concentrations in children whose mothers experienced sig-
nificant prenatal anxiety show a more rapid decline. The rate of
measurable hepatitis B antibody titers evident 10 or more years
after a complete infant immunization series varies from a minority
to a strong majority of individuals, depending on the population
(Samandari et al., 2007; Wu et al., 1999). Long-term follow-up of
children who had received hepatitis B vaccine at birth indicate that
a substantial minority do not have protective antibody responses
measurable by adolescence, and a sizable minority of these do
not show an anamnestic response to a single dose (Chaves et al.,
2012).

Collectively, the findings in the current study extend human re-
search on prenatal anxiety in important new directions and iden-
tify further targets for outcome studies and additional evidence
for the implementation of preventive interventions.
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