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Abstract

BACKGROUND: Childhood maltreatment (CM) has long-term consequences for dysregulation
of the immune system which is particularly pronounced when mental and physical health

sequelae have manifested. Higher proinflammatory state has been shown in non-pregnant state

in association with CM as well as with depression, one of the most frequent and pernicious
psychiatric sequelae of CM. During pregnancy, however, this association is less clear. Given the
important role of maternal inflammatory state during pregnancy for fetal, pregnancy, and birth
outcomes, we sought to examine the association between CM and proinflammatory state during
pregnancy considering the moderating role of maternal depressive symptoms characterized serially
across pregnancy.
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METHODS: A prospective, longitudinal study of 180 healthy pregnant women was conducted
with serial assessments in early (12.98 + 1.71 weeks gestation), mid (20.53 + 1.38 weeks
gestation) and late (30.42 + 1.4 weeks gestation) pregnancy. Maternal history of CM was
assessed with the Childhood Trauma Questionnaire (CTQ) and the total score was used as an
indicator of CM experience. Maternal depressive symptoms were assessed at each pregnancy visit
with the Center for Epidemiologic Studies Depression Scale (CES-D). Serum concentrations of
tumor necrosis factor (TNF)-a and interleukin (IL)-6 were obtained at each pregnancy visit and
combined to a composite maternal proinflammatory score. Linear mixed effects models were
employed to assess the association between CTQ score, CES-D score, and proinflammatory score
during pregnancy, adjusting for potential confounders.

RESULTS: Gestational age was associated with the proinflammatory score (B =.02; SE =

.00; p <.001), indicating an increase in inflammation across gestation. Neither CTQ score nor
depressive symptoms were independently associated with the proinflammatory score (s > .28).
However, the interaction between CTQ score and depressive symptoms was associated with the
proinflammatory score (B = .03, SE = .01, p<.05), indicating higher inflammation across
pregnancy with increasing levels of depressive symptoms during pregnancy in women with higher
CTQ scores. Exploratory analyses suggested that this interaction was mainly driven by CTQ
subscale scores assessing experiences of abuse rather than neglect.

CONCLUSIONS: These findings suggest a moderating role of maternal depressive symptoms
during pregnancy on the association of early life stress with inflammation and thus highlight the
importance of the timely assessment of both CM exposure and depressive symptoms which might
allow for the development of targeted and individualized interventions to impact inflammation
during pregnancy and to ameliorate the detrimental long-term effects of CM. The current
findings add to a better understanding of the prenatal biological pathways that may underlie
intergenerational transmission of maternal CM.

Keywords
Childhood maltreatment; pregnancy; inflammation; depression

1. Introduction

Traumatic experiences during childhood and early adolescence are among the most
pernicious stressors in society today. Childhood maltreatment (CM) constitutes a frequent
and widespread condition associated with high numbers of unrecorded cases, significant
interrelatedness of different types of adverse experiences, and high individual and
societal cost [1-5]. The long-term psychiatric, social, behavioral and bio-physical health
consequences of CM in the exposed individual are well established [6-8] and a growing
body of evidence points to detrimental effects of maternal CM extending even to the next
generation [9-19].

One potential mechanism in the development of the long-term health effects of CM is

the dysregulation of the inflammatory system, particularly elevated peripheral levels of
C-reactive protein (CRP), interleukin (IL)-6 and tumor necrosis factor (TNF)-a [20-25].
Furthermore, because elevated inflammation during pregnancy is associated with a variety of
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detrimental pregnancy, birth, and offspring health outcomes [26-38], it is likely to be a key
pathway in the context of the intergenerational transmission of CM.

An association between CM and elevated inflammation has also been reported during
pregnancy. However, there are some discrepancies in the literature, with some studies
showing a direct effect of early life adversity on inflammatory markers during pregnancy
[39-41], while others reported that the association between early life adversity and
inflammation during pregnancy was moderated by additional current risk factors (e.g., poor
nutrition, depression) [42]. Across studies that included more than one proinflammatory
marker, no clear pattern emerges in terms of specific associations with CM, with some

but not all studies showing positive associations between CM and CRP, IL-6 and TNF-a
concentrations [43-46]. Inconsistencies across studies may emerge due to heterogeneity
regarding types and time points of measurements of both inflammatory markers and CM,
as well as regarding potential conditional effects explored. Prominent among potential
moderators of the association between CM and inflammation are psychiatric symptoms,
and especially depressive symptoms, as CM-associated inflammatory dysregulation in
non-pregnant state appears to be particularly exacerbated among individuals who exhibit
psychological symptomatology [47-51]. Despite this potential interactive impact of CM
and depression on immune processes, empirical evidence on their combined effect during
pregnancy is limited. To date, only two studies specifically tested the interactive effect of
maternal depression and early life adversity on inflammation during pregnhancy and support
the premise of depression being a significant moderator of the association between CM and
IL-6 concentrations [42, 43].

Based on these considerations, we hypothesize that the interaction of CM and depressive
symptoms during pregnancy, is associated with elevated proinflammatory state during
pregnancy. In order to conduct a conservative test of this hypothesis, we chose to conduct
the current study in a low-risk population of healthy pregnant women not enriched for
either severe CM or specific types of CM or high (clinical) levels of depression. We
address previous discrepancies across studies in CM severity by measuring CM on a
continuum in order to capture the wide spectrum of traumatic experience. We analyze the
separate as well as interactive effects of CM and depressive symptoms, similarly measured
on a continuum, as well as the main effect of depressive symptoms in women with vs.
without moderate to severe CM. In order to address previous discrepancies in time points
of measurements of depression and inflammation during pregnancy, we measured both
depressive symptoms as well as inflammation serially in early, mid- and late pregnancy. We
focus on proinflammatory cytokines TNF-a and IL-6 as markers of inflammation during
pregnancy because both multifunctional cytokines are important in autocrine and paracrine
processes during reproduction, including implantation, placentation, embryogenesis, and
parturition [26, 52, 53] and are risk markers for major obstetric complications such as
pregnancy loss and preterm delivery [27-31] — conditions that have been shown to be
more prevalent among women exposed to CM [9-12]. Furthermore, both cytokines play
an important role in fetal programming of disease susceptibility [54], as elevated levels
during pregnancy are associated with a variety of developmental and health conditions

in the offspring [32—37]. Thus, these cytokines are responsive to perturbation or adverse
environmental conditions, are known to play obligatory roles in the initiation, maintenance
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and progression of normal gestation, fetal development, and birth, and thereby can mediate
the effects of different intrauterine perturbations on fetal physiology [55]. We further add

to the existing literature by aggregating measures of these major proinflammatory cytokines
because the combination of these cytokines is representative of a systemic pro-inflammatory
state.

Methods

2.1 Participants

The study was conducted at the University of California, Irvine in a socio-demographically
diverse cohort of 248 preghant women with singleton, intrauterine pregnancies and

no known cord, placental, uterine anomalies or fetal congenital malformations, or any
conditions known to be associated with dysregulated neuroendocrine function. Data on
proinflammatory state (n = 58 missing), CM (n = 31 missing), depressive symptoms (n =
16 missing), and relevant covariates (n = 11 missing) were available for 180 participants.
All following results are reported for these 180 participants. This subsample did not differ
from the remaining 68 participants with regard to maternal age (p < .4), socio-economic
status (p < .9), racial/ethnical background (ps > .17), pre-pregnancy BMI (p <.9), mean
pregnhancy CES-D score (p<.2), and CTQ total score (p < .4). Maternal sociodemographic
characteristics of the women included in the current analyses as well as descriptive
information on gestational age, infant weight and length at birth are provided in Table 1.

2.2 Procedures

The study employed a prospective, longitudinal design with serial assessments over the
course of pregnancy. Study visits occurred up to a maximum of 3 times in early (M =

12.98, SD = 1.71 weeks gestation), mid (M = 20.53, SD = 1.38 weeks gestation) and

late pregnancy (M = 30.42, SD = 1.4 weeks gestation) and included the administration

of structured interviews and questionnaires and the collection of maternal venous blood
samples. Blood draws were only conducted when participants did not present with acute
infections. Gestational age was determined by best obstetric estimate with a combination of
last menstrual period and early uterine size, and was confirmed by obstetric ultrasonographic
biometry using standard clinical criteria [56]. All study procedures were approved by the UC
Irvine Institutional Review Board, and all participants provided written informed consent.

2.3 Measures

Maternal childhood maltreatment.—Exposure to adverse experiences in childhood and
adolescence were ascertained at mid-gestation using the Childhood Trauma Questionnaire
[57]. This widely used instrument assesses five dimensions of CM in 25 items measuring
answers ranging from 1 (“never true”) to 5 (“very often true”): emotional abuse (EA),
physical abuse (PA), sexual abuse (SA), emotional neglect (EN), and physical neglect (PN).
The total CTQ score, a sum score of all subscales ranging from 25 to 125 with higher scores
indicating more severe CM experiences, was used as the predictor in statistical analyses. In
order to elucidate whether different types of CM were differentially associated with prenatal
inflammatory response, additional exploratory analyses were performed using the summary
scores for each of the 5 subscales. Follow-up analyses were conducted in women with vs.
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without CM by means of a dichotomous CM variable based on cut-off values for at least
moderate exposure on one of the subscales (EA = 13, PA > 10, SA =8, EN =15, and PN =
10) [57] which categorized women without any moderate CM experience (CM-) and women
with at least one moderate or severe experience (CM+).

Maternal depressive symptoms during pregnancy.—Depressive symptoms were
assessed in early, mid- and late pregnancy using the 20-item Center for Epidemiological
Studies Depression Scale (CES-D) [58]. CES-D total scores were calculated for all
participants with 3 or fewer missing items. In case of missing items, mean scores for the
completed items were calculated and multiplied by 20. This resulted in scores ranging from
0 to 60 for all participants with higher scores indicating greater depressive symptoms. These
repeatedly-measured continuous CES-D scores were used as predictors in the statistical
analyses. CES-D scores were available for 87.8% (158 participants) at all three time

points, and for 12.2% (22 participants) at only two time points. Specifically, 92.8% (167
participants) provided CES-D data in early pregnancy, 96.1% (173 participants) in mid-
pregnancy, and 98.9% (178 participants) in late pregnancy.

Maternal proinflammatory composite score (based on TNF-a,, IL-6).—
Concentrations of TNF-a and IL-6 were quantified in early, mid- and late pregnancy.
Maternal antecubital venous blood samples (20 ml) were collected in serum tubes (BD
Vacutainer) under sterile conditions. In order to control for potentially confounding effects
of dietary intake on cytokine measurements, fasting blood samples were obtained from all
participants. Blood samples were allowed to clot for 30 minutes at room temperature before
being centrifuged at 4 °C at 1500 x g. Serum was then separated and stored at —80°. IL-6
concentrations were determined using a commercial high sensitivity ELISA (eBioscience)
with a sensitivity of 0.03 pg/mL. The coefficient of variation (CV) for IL-6 measurements
was 14%. TNF-a concentrations were quantified by means of a commercial Multiplex Bead-
Based Kit (\-Plex Proinflammatory Pannel 1; 10-Plex, Milliplex MAP Human Cytokine/
Chemokine Kit; Millipore, Billerica, MA, USA), which was administered according to the
manufacturer’s Kit-specific protocols with a sensitivity of 3.2 pg/mL. The coefficient of
variation was 2.97% for TNF-a. Plates were read on a Luminex FLEXMAP 3D System and
analyzed using xPONENT® software (Luminex). Cytokine distributions were inspected for
outliers separately for each plate. There were no measurements below the detection limit for
TNF-a.

180 unique individuals were included in analyses. All 180 participants provided TNF-a
and IL-6 at at least one prenatal time point, with varying numbers of participants who
provided measures at early, mid- and late pregnancy: IL-6 concentrations were available
for 91.1% (n = 164) in early, 96.7% (n = 174) in mid-, and 96.7% (n = 174) in late
pregnancy. TNF-a concentrations were available for 91.1% (n = 164) in early, 97.8% (n

= 176) in mid-, and 96.7% (n = 174) in late pregnancy. TNF-a and IL-6 concentrations
were significantly correlated at each prenatal time point (s > .2, all ps <.01; see Table
2). First, in order to maintain data variability while minimizing the influence of extreme
outliers, outlier values on proinflammatory cytokine values were winsorized to mean + 3
standard deviations. Raw and winsorized values of TNF-a and IL-6 are presented in Table
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1. Results of linear mixed effects models were largely consistent when using raw values as
well as when excluding extreme outliers instead of winsorization (see Supplement for more
information). The values of IL-6 and TNF-a were then converted into z-scores. Finally,

the z-scores were averaged into a composite proinflammatory score for each pregnancy
assessment time point when data on both markers was available. In the study sample of

180 participants, this proinflammatory score was available for 1.1% (n = 2) at one, 13.9%
(25 participants) at two, and 85% (n = 153) at three prenatal time points. Specifically, the
proinflammatory score was calculated for 91.1% (164 participants) in early, 96.6% (n = 174)
in mid- and 96.1% (n = 173) in late pregnancy.

Sociodemographic information and covariates.—A structured sociodemographic
interview was conducted by clinically trained personnel in order to obtain information
about maternal age, racial and ethnical background, family income, medication, parity, and
history of lifetime psychiatric disorders. Data on obstetric risk conditions were abstracted
from antepartum delivery medical records. In order to address potential confounding of

the association between CM and depressive symptoms with the proinflammatory score,

all linear mixed effect models and secondary analytic models included the following
sociodemographic and biophysical covariates selected based on previous empirical work:
Maternal pre-pregnancy body mass index (BMI), presence of any obstetric risk conditions
in the index pregnancy (anemia, diabetes, hypertension, infection, or vaginal bleeding,
coded as 0, none of these conditions endorsed vs. 1, any of these conditions endorsed),
maternal racial/ethnic background (coded as 0, “Non-Hispanic/White”, 1, “Hispanic”, and 2,
“Non-Hispanic/non-White), and socio-economic status (SES; operationalized as the mean
score derived from highest education and family income per year, each measured on a scale
ranging from 1 to 5, with higher scores indicating higher education/income). Furthermore,
in order to control for effects of previous or current psychiatric or psychological treatment,
which might create a buffering effect that only women diagnosed with psychiatric disorders
were able to benefit from, two variables indicating history of admissions to hospital for
emotional conditions (lifetime psychiatric in-patient treatment) and use of pharmacological
treatment for anxiety and/or depression during the index pregnancy were included in the
analyses.

2.4 Statistical analyses

Bivariate correlations (Pearson’s correlations) and point-biserial correlations were computed
to test associations among and between cytokines as well as between maternal socio-
demographic and obstetric characteristics, CTQ total score, mean pregnancy CES-D

score and proinflammatory score. Repeated measures ANOVA was conducted to test for
differences in depressive symptoms between pregnancy time points.

Two-level hierarchical linear mixed effect models (LME) (e.g. Long, 2012) with random
intercepts and fixed slopes were employed to test the association of the main predictors

total CTQ score (natural-log transformed, level-2), assessed in mid-pregnancy, and the
repeatedly-measured CES-D scores (level-1) with the repeatedly-measured proinflammatory
scores (level-1). The LME accounts for the longitudinal data structure and allows for
inclusion of all subjects with available measurements in the repeated-measures variables.

Brain Behav Immun. Author manuscript; available in PMC 2022 October 28.
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The repeatedly-measured proinflammatory scores were used as the outcome variable

and an unconditional model was employed to assess intra-class correlation (ICC) of
proinflammatory scores which suggested that 54.6% of the overall variance in inflammation
was explained by between-person variance, rendering employment of the LME adequate.
Models were fitted with maximum likelihood estimation which is an adequate strategy for
accounting for missing values. All models were adjusted for the covariates listed above (all
level-2). Gestational age was centered by setting the lowest value (8.86 weeks gestation) to 0
and all other metric predictors and covariates (pre-pregnancy BMI, SES, CES-D score, CTQ
score) were grand-mean centered to a mean of 0.

Model M1 included all covariates and the repeatedly-measured gestational age at assessment
(GA) (level-1) as a predictor. All subsequent models were adjusted for covariates and
included GA as a predictor. Model MZ2included total CTQ score as a predictor, Model M3
included the repeatedly-measured CES-D score as a predictor and Model /74 included both
CTQ and CES-D scores as predictors. Model M5 included total CTQ score and CES-D score
as well as the interaction of these predictors.

The equation for the full linear mixed effects model (Model M5) is:

Proinflammatory Score;jj = Bo + B1 (Gestational Age;j) + B2 (Treatment;) + B3 (Medication;)
+ B4 (BMI;) + Bs (OB Risk;) + Bg (SES;) + B7 (CTQ Score;) + Bg (CES-D Score;;) + Bg
(CTQ Scorej x CES-D Scorejj) + U + I

In this equation, the proinflammatory score of person i on occasion j is predicted by an
intercept, o, the person’s life-time history of in-patient treatment for emotional conditions,
B2, pharmacological medication during the index pregnancy of person i, B3 the person’s
pre-pregnancy BMI, B4, presence of any obstetric risk (OB) conditions in person i, s, and
the person’s socio-economic status, Be. Gestational age;j was included as a level-1 predictor
to control for changes in the proinflammatory score across pregnancy. The person’s CTQ
total score (In) is indicated by B, while person i’s CES-D score on occasion j is indicated by
Bs and Bg denotes the interaction term of person i’s CTQ total score and person i’s CES-D
score on occasion j. Person i’s deviation from the average level is denoted by the parameter
Uoj, and the parameter rjj denotes person i’s deviation from this individual level at occasion j.

Pseudo R? indicating explanation of variance by fixed effects are reported for each model.
Additionally, these linear mixed effects models were analyzed separately for TNF-a and
IL-6 in the study sample (N = 180). The results of these analyses (models M1 — M5) are
provided in the Supplement (see Tables S-5 and S-6).

To follow up on the results of the interactive effects of CM experience and depressive
symptoms (Model M5), analyses stratified by dichotomized CM were conducted: Model
M3 was repeated in women without (CM-) vs. with (CM+) any moderate to severe CM
experience [57] in order to test the association between CES-D score and proinflammatory
score in these two groups.

In order to explore the association between different types of CM and depressive symptoms
with the proinflammatory score, Model M5 was repeated using each of the five CTQ

Brain Behav Immun. Author manuscript; available in PMC 2022 October 28.
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subscale scores separately (natural-log transformed) instead of the total CTQ score as well
as CES-D score as predictors.

LME analyses were run in R using the Ime4-package (R Core Team, 2017). The significance
level was set at p< 0.05 for all applied analyses.

3. Results

3.1. Descriptive analyses

3.2.

Associations between maternal characteristics and CTQ total score, mean pregnancy CES-D
score, and the proinflammatory score are depicted in Table 3. CTQ total score was positively
associated with pregnancy mean CES-D score (r= .42, p< .01) and negatively associated
with SES (r=-.22, p< .01). Pregnancy mean CES-D score was positively associated with
presence of obstetric risk conditions (r= .25, p<.01), CTQ total score and all CTQ subscale
scores (all ps <.01) as well as negatively associated with SES (r= .26, p<.01). Both

CTQ total score and pregnancy mean CES-D score were lower in Non-Hispanic White
participants (r=-.20 and r= -.22; ps < .01; compared to Hispanic and Non-Hispanic Non-
White) and positively associated with life-time history of in-patient treatment for emotional
conditions (r= .21, p< .01 for CTQ, and r=.17, p< .05 for CES-D). The mean pregnancy
proinflammatory score was positively associated with pre-pregnancy BMI (r= .41, p<.01).

Gestational age was not associated with CES-D score (p = .908). A repeated measures
ANOVA with a Greenhouse-Geisser correction determined that the mean scores for CES-D
concentration did not significantly differ between pregnancy time points (p=.102).

All CTQ subscale scores were significantly correlated (all ps < .01, see Table 4). The
correlations between total CTQ score and CES-D scores at all three assessments were
significant (total CTQ score and CES-D in early pregnancy: r= .39, p<.01; mid-pregnancy:
r=.34, p<.01; late pregnancy: r= .34, p<.01). The association between total CTQ

score and pregnancy mean CES-D score (r= .42, p<.01) is depicted in Figure 1. Of the
women who endorsed at least one moderate to severe experience of CM (n = 55), 34.5%

(n = 19) had CES-D scores above 20, indicating clinically significant depressive symptoms
[59], in early pregnancy, 30.9% (n = 17) in mid-pregnancy, and 30.9% (n = 17) in late
pregnancy. In women who reported CTQ scores below the moderate cut-off [57] on all
scales (N = 125), 15.2% (n = 19) had CES-D scores above 20 in early pregnancy, 12% (n
=15) in mid-, and 18.4% (n = 23) in late pregnancy. This indicates a higher likelihood of
experiencing depressive symptoms if more severe CM is endorsed, but also shows that there
is a significant number of cases of women with CM who have low depressive symptoms.

Birth outcomes were in the normal healthy range, with 95.3% of births after 37 completed
weeks gestation, and 94.8% of infants weighing 2500 g or more at birth.

Linear mixed effect models: associations between CTQ score, CES-D score and

proinflammatory score

Results of linear mixed effect models M1 through M5 are displayed in Table 5. All linear
mixed effect models showed an association of gestational age with the proinflammatory

Brain Behav Immun. Author manuscript; available in PMC 2022 October 28.
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score (p <.001) (M1-5, see Figure 2). There was no main effect of total CTQ score on the
proinflammatory score (o> .6) (M2, M4). Maternal depressive symptoms (CES-D score),
similarly, were not associated with the proinflammatory score (p > .28) (M3, M4). Model
M5 revealed a significant interaction of total CTQ score and CES-D score (B=.03, SE=
.01, p<.05), indicating higher proinflammatory scores in women with higher CTQ scores
and higher levels of depressive symptoms during pregnancy.

When conducting these analyses separately for TNF-a and IL-6, the positive main effect of
gestational age remained significant in all linear mixed effects models for both TNF-a (os
<.05) and IL-6 (s < .001). The interaction effect of CM and depressive symptoms was
significant for TNF-a (B= .17, SE= .06, p< .01) but not for IL-6 (B=.003, SE= .01, p=
.64) (see Supplement Tables S-5 and S-6).

Missing data was imputed in R with the mice package [60] in order to test whether the
observed effects were robust. Proportion of missing data, trace plots of the imputed data,
density plots of the observed and imputed data, and results of linear mixed effects models
with imputed data are presented in the Supplement (see Figures S-1 and S-2, and Tables S-1
and S-2).

3.3. Linear mixed effect models: associations between CES-D score and proinflammatory
score in women with vs. without CM experience

To follow up on the results of the interactive effects of CM experience and depressive
symptoms on proinflammatory scores, Model /3 was repeated in women with (CM+) vs.
without (CM-) moderate to severe CM experiences (see Figures 3a and 3b). In women
without CM experiences, CES-D score was not associated with the proinflammatory score
(o> .68), while in women with one or more moderate or severe CM experiences, higher
CES-D score was marginally associated with the proinflammatory score (8= .02, SE= .01,
p=.06). This indicates that while an increase in depressive symptoms is not associated
with an increase in inflammation in the CM- group, an increase by approximately 1 SD
(9.12 units) in the CES-D score is marginally associated with a .2 SD increase in the
proinflammatory score in the CM+ group. Pseudo R? of Model A2 in the CM- group vs.
the CM+ group (.261 vs. .104) indicates that a larger proportion of the variance is explained
by the fixed effects in the CM- group than the CM+ group. Results of Model M3in women
with vs. without CM experiences are displayed in Table 6.

3.4. Linear mixed effect models: associations between CTQ subscale scores, CES-D
score and proinflammatory score

Exploratory analyses using each of the five CTQ subscale scores individually as predictors
in Model M5 indicated that there was no main effect of any of the CTQ subscale scores
(os > .08) or CES-D score (p > .28) on the proinflammatory score. The interaction effect
of CTQ subscale score and CES-D score on the proinflammatory score was significant for
CTQ subscales emotional abuse (B= .03, SE=.01, p<.01) and physical abuse (B =

.00, SE=.00, p< .05) as well as marginally significant for sexual abuse (B = .02, SE=
.01, p=.066), but was not significant for CTQ subscales emotional neglect (p=.172) and

Brain Behav Immun. Author manuscript; available in PMC 2022 October 28.
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physical neglect (p = .105). Results of Model M5 with the respective CTQ subscale scores as
predictors are displayed in Table 7.

4. Discussion

In this sample of healthy preghant women, we found a positive association between
gestational age and the proinflammatory state. This is consistent with prior studies

showing increasing levels of TNF-a [61-63] and IL-6 [61, 64] across gestation. Consistent
with our hypothesis we found that the association between maternal CM severity and
proinflammatory state is moderated by severity of depressive symptoms during pregnancy.
The reported results are in concordance with previous observations on the combined effect
of CM and depression on inflammation in non-pregnant and pregnant populations [42, 43,
47-51]. Our results extend the findings in the pregnancy literature on the interactive effect
of depressive symptoms and CM on proinflammatory cytokines [42, 43], which have thus
far been limited to IL-6, by aggregating both IL-6 and TNF-a as a more comprehensive
measure representative of a systemic pro-inflammatory state. When conducting analyses
separately for TNF-a and IL-6, the interaction effect of CM and depressive symptoms was
significant for TNF-a but not for IL-6, which is in concordance with the heterogeneous
pattern of associations observed between CM and single inflammatory markers in the
literature [65]. We had deliberately chosen to use an aggregated inflammatory marker that
better reflects the interplay of proinflammatory cytokines — an approach that has been
frequently used in pregnant [34, 66, 67] and non-pregnant populations [68—71]. By applying
this composite score, we address the lack of consistency in the literature regarding a specific
operationalization of inflammation. The use of the proinflammatory score is further justified
by the fact that while TNF-a and IL-6 are significantly correlated, they are not redundant
@@l r< .5, all p< .01, see Table 2).

Previous studies on the interactive effect of CM and depressive symptoms have focused
on IL-6 as a single marker of inflammation. While the combined effect of CM and
depression on IL-6 in mid-pregnancy has been established previously in adolescent Hispanic
women [43], our results suggest that the association between CM, depressive symptoms
and systemic inflammation may also apply to a more diverse sample of healthy adults and
to a wider range of pregnancy time points. While in a previous study CM, represented

by a dichotomous variable indicating absence or presence of CM, was not associated with
preghancy IL-6 either independently or in interaction with depressive symptoms, quality
of maternal caregiving experience has been found to interact with depressive symptoms
to predict elevated IL-6 in late pregnancy [42]. Our approach of focusing on CM severity
similarly provided evidence for an interactive effect of a continuous measure of childhood
adversity and depressive symptoms on proinflammatory state during pregnancy.

We found that depressive symptoms were marginally associated with inflammation in
women with CM, indicating an increase in the proinflammatory score of 0.2 SD per 1
SD increase in depressive symptoms in women with CM. This estimate is similar to the
reported association between maternal depression and hsCRP [72] in obese women but
slightly higher than what has been reported for the association between depression and
inflammatory markers during pregnancy independent of additional risk factors that may
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increase inflammatory state (e.g., CM history, obesity) [72]. This suggests that depressive
symptoms are especially potent in affecting maternal inflammatory state in interaction

with other maternal risk factors. More variance in the proinflammatory score remains
unaccounted for in the CM+ compared to the CM- group. This raises the question which
additional variables may be missing from the model. It is possible that other common
sequelae of CM exposure, like obesity, may moderate the association between CM and
inflammation during pregnancy. In future larger cohorts, the moderating effects of additional
common sequelae should be investigated with the aims of identifying targets for intervention
to reduce inflammation during pregnancy in women exposed to CM.

There is extensive literature linking inflammation during pregnancy with detrimental
pregnancy, birth and offspring health outcomes such as preterm delivery, preeclampsia,
pregnancy loss, impaired neurodevelopment and offspring psychopathology [26-37]. For
instance, increases in log TNF-a and IL-6 of this magnitude (.2 SD) have previously been
associated with a .2 fold increased risk of preterm delivery < 37 weeks [73, 74]. We
therefore suggest that the effect observed in this study is likely to have important clinical
significance.

Pregnancy constitutes a particularly sensitive period in which depressive symptoms are
both prevalent and have the potential to affect health and wellbeing of the mother and

her child. Among the potential biological mechanisms of depression during pregnancy are
dysregulations in reproductive steroids (estrogen and progesterone) which, in a complex
interplay with dysregulations of the HPA axis, may increase the risk for depression in
vulnerable or susceptible women [75]. Our results are in concordance with literature
suggesting that the co-occurrence of CM and depression is associated with enduring
disruptions of brain, endocrine and immune functioning [51]. While there is growing interest
in the causal relationship between inflammation and depression, with some highlighting

a bidirectional relationship [76, 77], and a growing body of literature supporting the
hypothesis that inflammation contributes to the pathogenesis of mental illness, especially

in the context of CM [49, 78-83], no definitive conclusions can be drawn about causality or
temporal sequence of the factors under investigation here due to the correlational nature of
the analyses conducted. Our results fall in line with a growing body of evidence suggesting
that depression and inflammation may share common origins in early life stress: depression
and increased inflammatory response have been found to cluster in individuals who have
experienced CM and these lingering effects of CM appear to be bidirectional in that brief
depressive symptomatology leave a persisting inflammatory residue and vice versa [49].

Several pathways by which CM may result in elevated concentrations of inflammation-
related biomarkers [20] have been discussed [84, 85] including dysregulation of

the hypothalamic-pituitary-adrenal (HPA), characterized by reduced sensitivity of the
glucocorticoid receptor (GR), potentially as a consequence of epigenetic alterations (e.g. in
FKBP-5) in response to early life stress [86] resulting in an up-regulation of the transcription
factor NF-xB and consequently elevated inflammation levels [87]. Furthermore, activation
of the inflammatory response to stress in early development may program microglia
reactivity, which contributes to neuroinflammation. Additionally, early life stress has been
shown to be associated with advanced cellular aging and these senescent cells may
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contribute to an inflammatory milieu [88]. In depressive disorders, alterations in brain-
endocrine-immune interaction and neuroendocrine and neuroimmune response frequently
appear to be secondary to early life stress [80], and CM-related persistent sensitization of
stress responses and HPA axis hyperactivation may represent one mechanism mediating
the manifestation of depressive symptoms [80, 89]. Severity of CM has been shown to

be associated with increased HPA axis activity specifically in depressed individuals with
glucocorticoid resistance [90].

Our results suggest that inflammatory dysregulation is particularly pronounced in CM-
exposed depressed women, while neither CM nor depression independently predict
inflammation. This observed moderation could simply be a reflection of the severity of
CM exposure because depressive symptoms increase with CM severity in a dose-response
manner and thus the women with CM and depressive symptoms may be the ones with

the most severe early life adversity and are consequently the ones with the more severe
biological alterations.

Even though no conclusions can be drawn about the chronological and causal relationships
between CM, inflammation and depression in this study, it is possible that depressive
symptoms are a consequence of biological embedding of CM experience via inflammatory
pathways. Prospective studies of individuals exposed to CM provide the opportunity to
address the question whether the biological embedding (i.e., increased inflammation) of
CM experiences predisposes individuals to develop detrimental mental health consequences
or whether the psychiatric sequelae of CM are crucial pathways by which the biological
effects of CM get established and/or become exacerbated. In order to further assess why
some individuals develop depressive symptoms after CM experience, and thus present with
increased inflammation during pregnancy, while others do not, it is important to consider
factors which may account for higher resilience versus vulnerability. Candidate mechanisms
may be genetic risk factors [91-95], individual differences in psychological resilience and
coping styles [96-101] and other behavioral and environmental characteristics (e.g. family
and social support and relationships) [102-107]. Thus, it will be crucial in future research
to assess pathways to both resilience and vulnerability to inflammatory and psychological
sequelae of CM.

We conducted exploratory analyses in order to address the question whether certain types of
CM were more strongly associated with inflammation during pregnancy than other types of
CM. Our results suggest that more severe experiences of abuse, but not neglect, interact with
depressive symptoms to predict elevated proinflammatory state during pregnancy. Potential
explanations for this observation are higher severity of experiences of abuse compared

to experiences of neglect which may lead to more severe biological alterations and more
salient memories of events of abuse than experiences of neglect [108], which may render
the retrospective assessment of childhood abuse and therefore the analysis of its long-term
sequelae more accurate. As different types of CM experience frequently overlap [5] — as
evidenced in our study sample by the high correlations between different types of CM —it is
difficult to draw definitive conclusions on distinct effects of isolated CM experiences.
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We suggest several strengths of our study. Firstly, we employed a longitudinal design to
investigate the relationship between CM, depression and inflammation across a time span

of over 25 weeks, covering early to late pregnancy. Secondly, by using an aggregated score
of major proinflammatory cytokines TNF-a and IL-6, we adopted a more comprehensive
approach which allowed us to take into consideration the functionally intertwined
components of the immune system. Thirdly, by serially assessing prenatal depressive
symptoms on a continuous self-report scale, we were able to characterize the prenatal profile
of a variety of depressive symptoms, ranging from low-grade depressive mood to clinically
significant major depressive episodes and were able to show that increasing levels of
depressive symptoms in women exposed to CM, rather than clinically significant depressive
episodes only, are associated with increased inflammation. We conducted this study in

a demographically diverse, low-risk sample of healthy pregnant women not enriched for
either severe CM or specific types of CM or clinical levels of depression. As expected in
this sample of healthy pregnant women, depressive symptoms during pregnancy were low
with a mean pregnancy CES-D score of 14.7 (SD = 8.0). 9% of participants consistently
scored 20 or higher on the CES-D, which has been suggested as an adequate cut-off for
detecting depression in the general population [59]. When applying the more frequently-
used cut-off of 16 for CES-D, 13% of women were above this score across pregnancy,
which suggests a lower percentage of clinically significant episodes compared to 20% above
the cut-off reported in a sample of pregnant women screened in obstetrics settings [109].
Similarly, the percentage of women endorsing at least moderate CM in this study sample
(30.6%) is slightly lower than previously reported in pregnancy [110]. All results remained
significant after taking into consideration a variety of potential biophysical and psychosocial
confounders, among those psychiatric or psychological treatment, which might create a
buffering effect that only women who have been diagnosed with psychiatric disorders were
able to benefit from.

Our findings should be considered within the context of the following limitations. Firstly,
there are limitations of retrospective assessments of CM. The credibility of retrospective,
self-report measures of early life stress has been evaluated critically [111] and the

CTQ is a valid instrument with high internal consistency, good test-retest reliability and
convergence with other types of instruments [112]. Secondly, while CM likely represents the
antecedent exposure, no definitive conclusions can be drawn on the order of occurrence of
depressive symptoms and elevated inflammation. Longitudinal studies could provide further
understanding of the sequence of events in order to establish potential pathways underlying
the association between CM, psychopathology, and inflammation.

The results provided here highlight not only the importance of the timely ascertainment
of CM exposure but further suggest that by concurrently assessing depressive symptoms,
particularly prior to the exposed woman’s pregnancy, clinicians might be able through
targeted and individualized interventions to impact inflammation during pregnancy and to
ameliorate the detrimental long-term effects of CM for the pregnant woman and her child.
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Figure 1.

Association between total CTQ score and pregnancy mean CES-D score. For illustration
purposes, a cut-off of 20 or higher was applied to the CES-D scores to indicate clinically
relevant depressive symptoms [59].
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Association between repeatedly-measured proinflammatory scores and gestational age in
weeks.
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Association between pregnancy mean proinflammatory score and pregnancy mean CES-D
score in women without vs. with CM experiences. For illustration purposes, a cut-off for
moderate CM experiences was used.

Note. CM+ = moderate to severe score (EA = 13, PA > 10, SA =8, EN =15, and PN = 10)
on at least one CTQ subscale; CM- = scores below moderate cut-off on all CTQ subscales.
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Pregnancy mean proinflammatory score in women without vs. with CM experiences and
none vs. any clinically relevant depressive symptoms [59].

Note. CM+ = moderate to severe score (EA =13, PA =10, SA =8, EN = 15, and PN = 10)
on at least one CTQ subscale; CM- = scores below moderate cut-off on all CTQ subscales.
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Table 1

Frequencies, means and standard deviations of maternal characteristics and birth outcomes in the study
sample.

Maternal characteristic N =180
Maternal age in years (M + SD) 276+5.2
Highest level of formal education (1, %)
High School or less 40 (22.3)
Technical or Vocational School or Certificate 22 (12.3)
College, no degree 55 (30.7)
Associate Degree 10 (5.6)
Bachelor’s Degree or higher 52 (29.1)
Family income last year in USD (7, %)
<15k 13 (7.6)
15-29k 28 (16.5)
30-49k 34 (20)
50-100k 73 (42.9)
>100K 22 (12.9)
Race/ethnicity (n, %)
Non-Hispanic White 72 (40)
Non-Hispanic Other 24 (13.3)
Hispanic 84 (46.7)
Life-time history of in-patient treatment for emotional conditions (n, %) 8(4.4)

Pharmacological treatment for anxiety/depression during pregnancy (17, %) 3 (1.7)

Parity (M + SD) 1+11

Pre-pregnancy BMI (M + SD) 26.4+6.3

Presence of any obstetric risk condition (1, %) 30 (16.7)
Hypertension 2(11)
Diabetes 3(1.7)
Severe infections 16 (8.9)
Anemia 6 (3.3)
Vaginal Bleeding 4(2.2)

Birth outcomes n=172
Gestational age at delivery in weeks (M + SD) 39.35+1.38
Birth = 37 weeks gestation (77, %) 164 (95.3)
Birth weight in g (M + SD) 3364.89 + 500.43
Birth weight = 2500 g (7, %) 163 (94.8)
Birth length in cm (M + SD) 49.43+4.78

Early pregnancy CES-D score (M + SD) 13.8+9.0

Mid-pregnancy CES-D score (M + SD) 125+9.3

Late pregnancy CES-D score (M + SD) 13.7+9.0
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Maternal characteristic N =180
Mean pregnancy CES-D score (M + SD) 14.7+8.0
CES-D scores consistently above cut-off 16 (N, %) 24 (13.3)
CES-D scores consistently above cut-off 207 (N, %) 17(9.4)
Total CTQ score (M + SD) 36 +14.3
Participants above moderate cut-off on any subscale (N, %) 55 (30.6)
Emotional Abuse (EA) subscale score (M + SD) 764
Participants above moderate cut-off (13) (N, %) 21 (11.7)
Physical Abuse (PA) subscale score (M + SD) 6.5+3.3
Participants above moderate cut-off (10) (N, %) 18 (10)
Sexual Abuse (SA) subscale score (M + SD) 6.4+4.1
Participants above moderate cut-off (8) (N, %) 26 (14.4)
Emotional Neglect (EN) subscale score (M + SD) 89+39
Participants above moderate cut-off (15) (N, %) 20 (11.1)
Physical Neglect (PN) subscale score (M + SD) 6.6+2.6
Participants above moderate cut-off (10) (N, %) 23 (12.8)
Early pregnancy TNF-a (M #+ SD) 8.13 (3.64)
Early pregnancy TNF-a winsorized (M + SD) 8.11 (3.57)
Mid-pregnancy TNF-a (M + SD) 8.52 (3.89)
Mid-pregnancy TNF-a winsorized (M + SD) 8.48 (3.75)
Late pregnancy TNF-a 9.02 (4.03)
Late pregnancy TNF-a winsorized (M + SD) 9.01 (3.97)
Early pregnancy IL-6 (M + SD) .79 (.84)
Early pregnancy IL-6 winsorized (M + SD) .75 (.52)
Mid-pregnancy IL-6 (M + SD) .87 (.83)
Mid-pregnancy IL-6 winsorized (M + SD) .85 (.67)
Late pregnancy IL-6 1.14 (1.05)
Late pregnancy IL-6 winsorized (M + SD) 1.02 (.59)

Note. M= Mean; SD = standard deviation; BMI = Body-Mass-Index; CES-D = Center for Epidemiologic Studies — Depression Scale

a CES-D score of 20 or higher was used to indicate clinically relevant depressive symptoms in analyses [59]; CTQ = Childhood Trauma

Questionnaire.
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Table 2

Bivariate correlations between cytokine concentrations.

1. early pregnancy TNF-a 164 -

kA

2. mid-pregnancy TNF-a 176 .53 -

Aok

3. late pregnancy TNF-a. 174 0.49™" 036 -

ok *

4. early pregnancy IL-6 164 0.22 0.18 0.11 -

HokA HokA A

5. mid-pregnancy IL-6 174 016~ 0.41 0.26 0.56 -

* Hok HokAh HAA kA

6. late pregnancy IL-6 174 0.20 0.24 0.29 0.58 0.54

Note. all TNF-a and IL-6 scores were winsorized to mean +- 3 SD. r= Pearson’s correlation coefficient.

HokA

p<.001
Ak

p<.01

*
p<.05
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Table 3

Page 27

Correlations between maternal characteristics, CTQ total score, mean pregnancy CES-D score, and mean

pregnancy proinflammatory score.

Mean pro-inflammatory

Maternal characteristic CTQ total score  Mean CES-D score score
r r r
SES -0.217™* -2577% —.042
Pre-pregnancy BMI 0.007 094 4117
Total CTQ score 4227 .050
Emotional Abuse (EA) subscale score 3577 077
Physical Abuse (PA) subscale score 34677 .044
Sexual Abuse (SA) subscale score 3087 .008
Emotional Neglect (EN) subscale score 359% .056
Physical Neglect (PN) subscale score 3207% .005
Mean pregnancy CES-D score 4227 125
Mean pregnancy proinflammatory score .050 125
T b b T ob
Race/ethnicity
Non-Hispanic White? -195™* -2177 -.114
Non-Hispanic Non-White? 118 103 -.046
Hispanicc 112 143 143
Presence of any obstetric risk condition -.002 250 7% -.014
Life-time history of in-patient treatment 2127* 172" .050
for emotional conditions
Pharmacological treatment for anxiety/depression during pregnancy -.036 -.045 -.057

Note. r= Pearson’s correlation coefficient; 7pb = Pearson’s point-biserial correlation coefficient; SES = socio-economic status derived from
highest education and family income per year; BMI = Body-Mass-Index; CES-D = Center for Epidemiologic Studies — Depression Scale; CTQ =

Childhood Trauma Questionnaire;
adummy variable 1 = Non-Hispanic White, 0 = other race/ethnicity
bdummy variable 1 = Non-Hispanic Non-White, 0 = other race/ethnicity
cdummy variable 1 = Hispanic, 0 = other race/ethnicity

Aok

p<.01
*
p<.05

a . . . . .
compared to hispanic and non-hispanic other race/ethnicity
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Bivariate correlations between CTQ subscale scores in the study sample (N = 180).

Table 4

1. CTQ Emotional Abuse subscale score -

2. CTQ Physical Abuse subscale score 0.76 -

3. CTQ Sexual Abuse subscale score 0.51 0.58 -

4. CTQ Emotional Neglect subscale score .61 0.48 0.37 -

5. CTQ Physical Neglect subscale score 0.60 0.60 044 0.65

Note. r= Pearson’s correlation coefficient.

Hk
p< .01
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Table 6

Page 31

Linear mixed effect models with proinflammatory score as outcome variable in women with none vs. one or
more moderate to severe CM experiences.

Model M3: CM- Model M3: CM+
Regression coefficients Estimates SE p Estimates SE p
Intercept -0.35 0.10 <0.001 -0.09 0.21  0.669
Maternal race/ethnicity (Ref. Non-Hispanic White)
Hispanic 0.28 0.13 0.026 0.06 0.23 0.796
Non-Hispanic Other -0.12 0.17 0.495 -0.09 0.28 0.755
Pre-pregnancy BMI 0.06 0.01 <0.001 0.03 0.02 0.087
Lifetime psychiatric in-patient treatment (Ref. No)
Yes 111 0.40 0.006 -0.19 0.32 0.543
Presence of any obstetric risk condition (Ref. No)
Yes -0.06 0.13 0.675 -0.31 0.28 0.267
Pharmacological treatment of anxiety/depression during pregnancy (Ref. No)
Yes -0.24 0.39 0.535 -0.60 0.74 0.420
SES 0.13 0.07 0.055 -0.00 0.13 0.983
Gestational age 0.02 0.00 <0.001 0.02 0.01 0.010
CES-D score -0.00 0.00 0.620 0.02 0.01 0.060
Variance components
Within person variance o2 0.26 0.42

Between-person variance tgo
Model summary
Observations

N (participants)

Pseudo R?

0.18 participant

346

125 participant
0.261

0.32 participant

152

55 participant
0.104

Note. SE = standard error; BMI = Body-Mass-Index; SES = socio-economic status; CES-D = Center for Epidemiologic Studies — Depression
Scale; CTQ = Childhood Trauma Questionnaire; CM = Childhood maltreatment; CM+ = moderate to severe scores (EA = 13, PA > 10, SA > 8,
EN > 15, and PN = 10) on at least one CTQ subscale; CM- = scores below moderate cut-off on all CTQ subscales. Outcome: repeatedly-measured
aggregated score of serum concentrations of TNF-a and IL-6; Covariates: maternal race/ethnicity, SES, pre-pregnancy BMI, lifetime psychiatric
in-patient treatment, presence of any obstetric risk conditions, pharmacological treatment of anxiety/depression during pregnancy; Predictors:
Model 3: gestational age, repeatedly-measured CES-D score.
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