UC Irvine
UC Irvine Previously Published Works

Title

Maternal pro-inflammatory state during pregnancy and newborn leukocyte telomere length:
A prospective investigation

Permalink

https://escholarship.org/uc/item/28b61314

Authors
Lazarides, Claudia
Epel, Elissa S

Lin, Jue

Publication Date
2019-08-01

DOI
10.1016/j.bbi.2019.04.021

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/28b61314
https://escholarship.org/uc/item/28b61314#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.

-, HHS Public Access
«

Published in final edited form as:
Brain Behav Immun. 2019 August ; 80: 419-426. doi:10.1016/j.bbi.2019.04.021.

MATERNAL PRO-INFLAMMATORY STATE DURING PREGNANCY
AND NEWBORN LEUKOCYTE TELOMERE LENGTH: A
PROSPECTIVE INVESTIGATION

Claudia Lazarides?, Elissa S. Epel9, Jue Lin", Elizabeth H. Blackburn”, Manuel C. Voelkle,
Claudia Buss&¢f, Hyagriv N. Simhan, Pathik D. WadhwaP.¢-d.f Sonja Entringera.c.
aCharité — Universitatsmedizin Berlin, corporate member of Freie Universitat Berlin, Humboldt-
Universitat zu Berlin, and Berlin Institute of Health (BIH), Institute of Psychological Medicine,
Charitéplatz 1, 10117 Berlin, Germany.

bDepartment of Psychiatry & Human Behavior, University of California, Irvine, California 92617,
USA.

¢Department of Pediatrics, University of California, Irvine, California 92617, USA.
dDepartment of Obstetrics & Gynecology, University of California, Irvine, California 92617, USA.
eDepartment of Epidemiology, University of California, Irvine, California 92617, USA.

Development, Health and Disease Research Program, University of California, Irvine, California,
92617, USA.

9Department of Psychiatry, University of California, San Francisco, California, USA.

hDepartment of Biochemistry & Biophysics, University of California, San Francisco, California,
USA.

iDepartments of Obstetrics, Gynecology and Reproductive Sciences, University of Pittsburgh,
Pittsburgh, PA, USA.

iDepartment of Psychology, Humboldt University, Berlin, Germany.

1 Introduction

Telomere biology plays a crucial role in genome integrity and chromosomal stability
(Blackburn et al., 2006). Telomeres consist of a deoxyribonucleic acid (DNA)-protein-
complex that forms the protective caps at the ends of the eukaryotic chromosomes.
Telomeres shorten with every cell division cycle, constituting a well-established indicator for
cellular aging processes (Blackburn et al., 2015; Blackburn and Gall, 1978; Blackburn,
2000, 2001; Blackburn, 2005). More recent evidence suggests that the integrity of telomeres
affects not only the replicative capacity of the cell, but also underlies other changes that
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engender a self-perpetuating pathway of global epigenetic changes to affect the integrity of
overall chromatin structure (DNA folding) that protects against senescence and cellular
aging (Karlseder, 2009; O'Sullivan et al., 2010). A substantial body of research has linked
shortened telomeres to age-related physiological risk factors, physical and mental disorders,
and mortality (e.g. Haycock et al., 2014; Mons et al., 2017; Rehkopf et al., 2016; Rode et al.,
2015; Tamura et al., 2016; Tellechea and Pirola, 2017).

Studies in animals and humans converge to provide a strong rationale for the importance of
newborn and infant telomere biology in long-term health and disease risk (Entringer et al.,
2018; Okuda, 2002). Telomere length (TL), at any given age during life, is a joint function
of 4) the initial (newborn) TL, and b) telomere attrition rate over time (Aviv, 2008). Thus,
the shorter the telomere length at birth, the earlier the telomeres may reach a critical short
length, sending the cell in replicative senescence and leading to the impairment of tissue
functionality. Animal models of telomere dynamics over the life spanand across generations
suggest that /nitial TL and TL attrition rate in early lifeis &) a better predictor of realized life
span than TL and TL attrition rate in later life (Asghar et al., 2015; Bateson et al., 2015;
Heidinger et al., 2012), b) the effects of early life TL persist over and beyond those of risk
exposures in later life (Asghar et al., 2015; Bateson et al., 2015; Heidinger et al., 2012), and
¢) TL changes are more dramatic in early life than later in life (Baerlocher et al., 2007;
Fairlie et al., 2016; Frenck RW Jr et al., 1998; Rufer et al., 1999). In humans, a longitudinal
multi-cohort study investigating the stability of LTL in adulthood showed that the
overwhelming majority of individuals maintained their LTL ranking over a 12 year-long
follow-up period (Benetos et al., 2013), suggesting that most of the inter-individual variation
in adult LTL originates early in life. A similar findings has been reported in a life course
study of TL dynamics in sheep (Fairlie et al., 2016).

The determinants of variation in newborn telomere length are not yet fully understood.
Although the heritability of TL is high, studies to date have reported that known genetic
variants associated with TL collectively account for only a small proportion of the observed
variation in TL (Codd et al., 2013; Prescott et al., 2011). The mother-offspring correlation in
TL is substantially larger than the father-offspring correlation (Broer et al., 2013). Shared
environmental influences between the maternal and fetal compartments during pregnancy
might account for this stronger maternal-offspring TL correlation, in contrast to the weaker
paternal-offspring TL correlations (De Meyer and Eisenberg, 2015). Taken together, this
suggests a major role for maternal effects in the initial setting of the TL system.

In support of this premise that prenatal conditions may ‘program’ the initial setting of the
telomere system, several experimental and observational studies in animals and humans
have, indeed, established associations between exposure to adverse intrauterine conditions
(such as stress, suboptimal diet, obesity, and obstetric complications) and shorter offspring
TL at birth and in adult life (Blaze et al., 2017; Entringer et al., 2012; Entringer et al., 2018;
Entringer et al., 2011; Entringer et al., 2013; Haussmann et al., 2011; Martens et al., 2016;
Send et al., 2017; Shalev et al., 2013; Tarry-Adkins et al., 2016). How, specifically, might
the effects of such conditions be transmitted to the fetus to program offspring telomere
length? The predominant proximate pathway by which maternal states and conditions
influence fetal development is ultimately biological in nature, and it implicates maternal—

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lazarides et al.

Page 3

placental—fetal gestational physiology. Several previously-published studies have shown that
inflammation during pregnancy is related to most of the adverse conditions (listed above)
that have been associated with reduced offspring telomere length (Challier et al., 2008;
Coussons-Read et al., 2005; Entringer et al., 2010; Ratnayake et al., 2013; Segovia et al.,
2017; Wilder, 1998). Thus, in terms of fetal programming of the telomere system, maternal-
placental-fetal immune activation, characterized by an increased expression of pro-
inflammatory cytokines in response to various adverse conditions during pregnancy, may
have the potential to impact fetal TL (Howerton and Bale, 2012; Lin et al., 2012). In adults,
a high pro-inflammatory load, as demonstrated by tumor necrosis factor (TNF)-a and
interleukin (IL)-6, has been linked to shorter leukocyte telomere length (LTL, O'Donovan et
al., 2011). In a recent study, /n vitro pro-inflammatory gene expression profiles were
associated with shorter TL in peripheral blood mononuclear cells (Lin et al., 2018).
Inflammation can impact TL attrition through an increase in oxidative stress, and activation
of transcription factors, such as Nuclear factor-kappa B (NF-xB, Zhang et al., 2016).
Although several studies exist on the association between inflammation and TL in adults,
there is a lack of research investigating the potential link between prenatal maternal
inflammatory load and newborn TL.

Initial evidence supporting a pivotal role of the maternal pro-inflammatory milieu for
programming of offspring TL was derived from a murine model pointing towards a specific
importance of TNF-a during pregnancy in this context. In detail, the intraperitoneal
administration of the pro-inflammatory cytokine TNF-a to pregnant mice induced telomere
shortening in various tissues including blood cells in the offspring (Liu et al., 2016). A
recent study in mice replicated these findings and supports a causal role of TNF-a-induced
expression of activation transcription factor 7 (ATF7) in telomere shortening (Maekawa et
al., 2018).

In the current study, we operationalized maternal pro-inflammatory state as the ratio of
maternal concentrations of TNF-a and IL-10 based on the following considerations. In vivo,
cytokines function as part of an elaborate and complex network of molecules that mediate
the innate immune response. Recognizing this, we have previously considered cytokines in
functional clusters and created a measure of pro- and anti-inflammatory cytokine balance
(Simhan and Krohn, 2009). TNF-a is a potent multifunctional cytokine that plays an
important role in autocrine and paracrine processes during reproduction, including placental
differentiation, embryogenesis and parturition (Alijotas-Reig et al., 2017; Hunt, 1993).
Elevated levels of TNF-a are related to major pregnancy complications (Kupferminc et al.,
1994; Sadowsky et al., 2006; Saito et al., 2010). During pregnancy, higher perceived stress is
prospectively associated with increased TNF-a concentrations in peripheral blood (Lindsay
et al., 2018). Women genetically predisposed to increased TNF-a production are more likely
to develop clinical infection during labor, highlighting its relevance as a risk biomarker
during pregnancy (Simhan et al., 2003). TNF-a is directly secreted primarily by
macrophages but also other immune cells such as natural killer cells, and antigen-stimulated
T-cells, as well as by placental cells (Alijotas-Reig et al., 2017; Hunt, 1993; Olszewski et al.,
2007; Vitoratos et al., 2006). In the case of inflammation, TNF-a (along with interleukin-1)
has a central role in the pro-inflammatory cytokine cascade: TNF-a increases the expression
of other cytokines, such as interleukin-6 and interleukin-8, and the secretion of
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adrenocorticotropic hormone in the central nervous system, induces pro-coagulant activity
on endothelial cells and the production of free radicals (Cavaillon and Adib-Conquy, 2002).
The overexpression of TNF-a is implicated in a number of pathological conditions related to
chronic inflammation and aging (Rangel-Zuniga et al., 2016).

IL-10, a potent anti-inflammatory cytokine, is known to inhibit TNF-a production, which
represents an interplay between pro-inflammatory and anti-inflammatory responses (Choy
and Panayi, 2001; Moore et al., 1993). IL-10 is secreted by immune cells such as monocytes
and t/2 T helper cells as well as by decidual cells (Ouyang et al., 2011; Trautman et al.,
1997). In the context of pregnancy, IL-10 is considered the pregnancy promoting cytokine
with respect to its anti-inflammatory function and the mediation of placenta and decidua
signal exchange in normal pregnancy (Denney et al., 2011; Murphy et al., 2005; Thaxton
and Sharma, 2010). An increase in the ratio of TNF-a and IL-10, representing the balance
between pro- and anti-inflammatory cytokines, promotes complications during pregnancy
such as implantation failure, fetal loss, hypertensive syndromes, and gestational diabetes
(Majetschak et al., 2002; Quenby et al., 2002; Wedekind and Belkacemi, 2016; Wilder,
1998). Based on the interplay of pro-inflammatory and anti-inflammatory signaling, it is
crucial to consider the relationship between TNF-a and IL-10 in the context of pro-
inflammatory state during pregnancy and its effects on telomere biology of the newborn.

Thus, the aim of the present study was to examine the prospective relationship between
maternal pro-inflammatory state (TNF-a/IL-10 ratio) during pregnancy and newborn LTL.
We conducted a prospective, longitudinal study in a sample of healthy pregnant women from
early gestation through birth until the early newborn period of life. We hypothesized that
higher levels of the TNF-a/IL-10 ratio during pregnancy is associated with shorter newborn
LTL after adjustment for relevant and previously-established determinants of LTL in the
newborn, including maternal age (Muezzinler et al., 2013), pre-pregnancy body mass index
(BMI; Kim et al., 2009; Martens et al., 2016; Muezzinler et al., 2016; Muezzinler et al.,
2014), sex of the child (Factor-Litvak et al., 2016; Gardner et al., 2014; Lapham et al.,
2015), birth weight, and gestational age at birth (Lee et al., 2017).

2 Materials and Methods

2.1 Participants

A prospective, longitudinal study was conducted at the University of California, Irvine’s
Development, Health and Disease Research Program in a population of mother-child dyads.
Healthy women with a singleton pregnancy were recruited in early gestation. The study
protocol included three maternal study visits during early (T1: M=13.1, SD=1.8 weeks of
gestation, A=106), mid (T2: M=20.5, SD=1.4 weeks of gestation, A=112), and late
pregnancy (T3: M=30.6, SD=1.4 weeks of gestation, A= 112), and a child visit for newborn
blood sampling within two to four weeks after birth (A=3.4, SD=1.5 weeks postnatal age,
=98). Each study visit during pregnancy entailed the collection of a fasting maternal
antecubital venous blood sample for the measurement of cytokine concentrations and a
structured socio-demographic interview. Exclusion criteria included twin pregnancies,
uterine, placental or cord anomalies, and fetal congenital malformations. Study visits were
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not conducted if the participant presented with an acute infection like common cold, upper
respiratory infection.

The study was in accordance with the Declaration of Helsinki and approved by the UC
Irvine Institutional Review Board, and all participants provided written, informed consent.
The maternal sociodemographic and clinical newborn characteristics are provided in Table
1.

2.2 Measures

Sociodemographic information.—A structured sociodemographic interview was
conducted by trained study personnel to obtain information about maternal age, years of
education, level of education, household income, and race/ethnicity.

Obstetric risk factors and birth outcomes.—Presence of obstetric risk factors (e.g.,
preeclampsia, diabetes, infections, etc.) and information about birth outcomes were
abstracted after delivery from medical records. The prevalence of obstetric risk factors in the
current sample was low (see Table 1). Preterm birth, defined by the World Health
Organization as birth at less than 37 weeks completed gestation, occurred in 5.6% of the
women (/7= 6). Mean gestational age at birth was 39.2 weeks (SD = 1.4, n= 108).

TNF-a and IL-10.—In order to quantify maternal serum cytokine concentrations during
pregnancy, maternal antecubital venous fasting blood samples were collected in serum tubes
(BD Vacutainer) at all three pregnancy visits. By using fasting blood samples we controlled
for potential confounding effects of dietary intake on cytokine measurements (Zhou et al.,
2010). Serum samples were allowed to clot for 30 minutes at room temperature before they
were centrifuged at 4 °C at 1800 x g. Serum was then separated and stored at —80 °C.
Maternal serum concentrations of TNF-a and 1L-10 were quantified using a commercially-
available Multiplex Bead-Based Kit, the V-PLEX Proinflammatory Panel 1 (10-Plex,
Milliplex MAP Human Cytokine/Chemokine Kit; Millipore, Billerica, MA, USA) in
accordance with the kit-specific protocols provided by the manufacturer. Assay sensitivity
was 3.2 - 10000 pg/mL. The assay yielded reliable values for the assessed cytokines:
coefficient of variation (C1)<2.97, lower limit of detection (LLD)=0.04 pg/mL for IL-10
and CV<5.54, LLD=0.06 pg/mL 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. Values for cytokine measurements below the
detection limit (none for TNF-a,, 1.62% for IL-10) were set to the plate-specific lowest
standard concentration. Overall, TNF-a and IL-10 concentrations did not correlate
significantly (rs: —.094-.101, ps>.324; for detailed information see supplement figure 1 and
table 1). The Friedman test for a nonparametric repeated ANOVA indicated no significant
change within the repeated cytokine measurements across pregnancy and the measures were
highly correlated (s: .999-.240, ps: <.001-.012; for detailed information see supplement
figure 1 and table 1). The average cytokine concentrations across gestation were used to
compute the TNF-a/IL-10 ratio across pregnancy. Table 2 in the Results section provides an
overview of the cytokine concentrations for each assessment time point as well as the
averages.

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.
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Newborn Telomere Length.—Newborn Telomere Length. Neonatal DNA was isolated
from whole blood obtained by heel stick and collected from the newborns within the first 4
weeks (n=98) after delivery using EDTA microtainer tubes (BD, Franklin Lakes, NJ). After
plasma separation the buffy coat was removed and blood cell pellets were stored at —-80°C
until DNA extraction procedure. Genomic DNA was extracted from the blood cell pellets
using Gentra Puregene Blood Kit (Qiagen Inc., Valencia, CA) according to the manufacturer
recommended protocol. The DNA concentration was determined by optical density at
260nm and DNA purity was assessed using OD260/0D280 ratio. Measurement of relative
LTL (telomere repeat copy number to single gene copy number [T/S ratio]) using
quantitative polymerase chain reaction (QPCR) was performed as previously described
(Cawthon, 2002; Lin et al., 2010). The gPCR LTL inter-assay coefficient of variation (CV)
was 4.1%. The mean LTL at birth from whole blood as measured by the T/S-Ratio was
1.485 and ranged from .735 to 2.385. All samples were measured in one batch.

Statistical Analysis.—All statistical analyses were performed in R version 3.5.1. To
examine the effect of the pro-inflammatory ratio (TNF-a/IL-10) across pregnancy on the
T/S-ratios at birth we used bivariate linear regression analyses. In a second step we adjusted
this association for the effects of other potential determinants of newborn telomere length
(maternal age, maternal pre-pregnancy BMI, sex of the child, and birth weight percentile of
the child) using multiple linear regression analysis. Because birth weight and gestational age
at birth have previously been associated with shortened telomeres, we summarized these
correlated measures using birth weight percentiles adjusted for gestational age (Oken et al.,
2003). Birth weight percentiles capture is the birth weight adjusted for length of gestation,
thereby considering collinearity rather than using birth weight and length of gestation as two
highly correlated predictors in the statistical models. We selected all covariates based on
previous empirical work to increase precision of the model. Scatterplots and regression
diagnostics were performed to examine the potential presence of outlier-driven associations.

3 Results

Descriptive statistics of the concentrations of TNF-a., IL-10, and the pro-inflammatory ratio
TNF-a/IL-10 are displayed in Table 2. For each cytokine, the concentrations were serially
correlated across the three study visits (TNF-a.: all > .206, all p<.001; IL-10: all r> .526,
all p<.001; pro-inflammatory Ratio TNF-a/IL-10 all r> .462, all p< .001; for detailed
information see Supplement Table 1).

The bivariate linear regression analysis revealed a significant effect of the mean TNF-a/
IL-10 ratio across pregnancy on newborn telomere length (B = -0.222, p= 0.018; R%=.05,
A1, 110)=5.72, p=.018, Table 3). The results of the unadjusted and adjusted models are
provided in Table 3, and a graphical representation is given in Figures 1 A and Figure 1 B.
The telomere length of newborns of women in the upper quartile of the TNF-a/IL-10 ratio
across pregnancy was on average 9.963% shorter compared to newborns of women in the
lowest quartile of the TNF-a/IL-10 ratio (see Figure 1 B). After adjustment for maternal
age, maternal pre-pregnancy BMI, child’s sex, and birth weight percentile, the effect
remained significant, and unchanged in its direction and magnitude (= - .205, p = .030,
R%=.10, A5, 106)=2.27, p=.053, Table 3). Additionally, pre-pregnancy BMI was

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.
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significantly and negatively associated with LTL at birth (f = - .219, p=.023, Table 3).
Other covariates were not significantly associated with LTL at birth in the current study
sample (all p> .05; Table 3).

Based on graphical inspection of the scatter plot for the associations described above,
potential outlier driven effects were examined to ensure model fit and robustness of the
results (see supplemental material). We conducted several measures of regression
diagnostics, including the variance inflation factors/tolerances (Supplement, Table 2), a g-g-
plot (Supplement, Figure 2) and an influence plot (Supplement, Figure 3). Based on our
regression diagnostics, there was no indication of a concerning amount of multi-collinearity
based on the variance inflation factor (VIF) in the present set of predictors. The four data
points located on the right of Figure 1A were not leverage points. In summary, regression
diagnostics did not provide evidence for an outlier-driven association between the pro-
inflammatory ratio TNF-a/IL-10 across pregnancy and LTL at birthl.

In a sensitivity analysis, the women with severe infection during pregnancy (/N=4) were
excluded to ensure that the reported association was not confounded by increased
inflammation due to acute infection. The association between LTL at birth (T/S-Ratio) and
pro-inflammatory ratio TNF-a/IL-10 across pregnancy remained significant and unchanged
in its magnitude and direction for both the unadjusted and the adjusted (p=-0.208, p=0.030).
In this sensitivity analysis, the adjusted overall model no longer reached statistical
significance after exclusion of four participants (R%=.10, A5, 102)=2.23, p=.057; for
summary of the sensitivity analysis see supplement information Table 4).

4 Discussion

To the best of our knowledge these findings represent the first report in humans linking a
shift towards a pro-inflammatory state immunological state during pregnancy with shorter
offspring LTL. This effect persists after adjusting for a number of potential confounders,
including maternal age, pre-pregnancy body mass index, sex of the child, birth weight, and
gestational age at birth. Each unit increase in the maternal mean pro-inflammatory ratio
during pregnancy was linearly associated with a decrease in newborn LTL by —.205 units.
The magnitude of the observed effect can be quantified as a difference of approximately ten
percent in telomere length at birth between newborns of mothers in the lower and upper
quartiles of the pro-inflammatory ratio during pregnancy. Thus, the study supports the
growing recognition that intrauterine conditions during gestation may have “programming”
effects on the development and initial setting of the telomere system.

As of our knowledge, there are no studies investigating the balance between pro-
inflammatory and anti-inflammatory cytokines and LTL to this date. Importantly, we
focused on the ratio rather than on a single cytokine because the period of pregnancy after
implantation and before induction of labor is characterized by an anti-inflammatory immune
profile (reviewed in Mor et al., 2017). Therefore, it is crucial to take potential inhibitors of

IRobust regressions by iterated re-weighted least squares (R package ‘rim” weighing function: Huber weights) yielded similar results
(for details see supplement Table 3).
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inflammatory signaling (e.g., IL-10) into account when investigating the association between
maternal pro-inflammatory state and telomere biology of the newborn. Our results are
consistent with previous studies on the relationship between telomere biology and immune
states. These findings are consistent with those of an animal model in which mice received
an /n utero TNF-a treatment. The offspring exposed to a prolonged pro-inflammatory state
in utero exhibited shorter telomeres in adulthood than their unexposed counterparts (Liu et
al., 2016). Our findings are also consistent with findings in human adults of cross-sectional
associations between higher concentrations of pro-inflammatory cytokines, such as TNF-a,
as well as C-reactive protein and shorter TL (Aviv et al., 2006; Lin et al., 2018; O'Donovan
et al., 2011; Wolkowitz et al., 2011).

It is important to highlight four previously-described key molecular mechanisms that may
account for the observed associations between pro-inflammatory state and shortened LTL.
Firstly, inflammation and the accompanying increased proliferative activity of cells results in
increased loss of telomeric repeats due to increased cell division rates. Secondly, increased
TNF-a concentrations have been associated with replicative senescence, inhibition of
telomerase activity, telomere shortening, and decreased hTERT expression in hematopoietic
cells (Beyne-Rauzy et al., 2004). TNF-a. binds to two cell surface receptors, TNFa-R1 and
TNFa-R2 (Chen and Goeddel, 2002). Binding of TNF-a. to TNF-R1 is known to trigger the
intracellular activation of transcription factors, particularly activation transcription factor 7
(ATF7) and nuclear factor xB (NF-xB). The administration of TNF-a leads to the
phosphorylation of ATF7. ATF7 protects the telomeric sequence by supporting the formation
of heterochromatin. The release of ATF7 from the telomeres through TNF-a. is accompanied
by the release of telomerase, resulting in TNF-a-induced and ATF7-dependent telomere
shortening (Liu et al., 2016; Maekawa et al., 2018). Thirdly, NF-xB activation has been
associated with prolonged growth arrest and decreased telomerase activity (Akiyama et al.,
2003; Akiyama et al., 2004), thereby contributing to telomeric disruptions (shortening,
losses and fusions) (Beyne-Rauzy et al., 2004). A mouse model in which systematic chronic
inflammation was induced by knocking out one repressive subunit of the NF-xB pathway
(Jurk et al., 2014) showed accumulation of telomere dysfunctional senescent cells. Lastly,
another potential molecular mechanism implicates increased oxidative stress previously
linked to shortened telomeres (Aubert and Lansdorp, 2008). Chronic inflammation, through
increased NF-kB activation, is known to cause excess production of free radicals and
depletion of antioxidants, thus leading to heightened oxidative stress (Federico et al., 2007).
(Haddad, 2002; Weisberg et al., 2003). An increase in oxidative stress is known to directly
produce DNA damage in the telomere sequence via the toxic effects of free radicals
(Houben et al., 2008).

How might a pro-inflammatory state be transmitted from the maternal to the fetal
compartment? Studies in rodents suggest that the placenta is highly sensitive to pro-
inflammatory signaling in early pregnancy, in that TNF-a acts on the placenta by binding to
placental TNFal receptors (Carpentier et al., 2011), and the placenta produces TNF-a. after
being stimulated by maternal TNF-a (Racicot et al., 2014). Further, TNF-a is produced by
placental tissue after lipopolysaccharide stimulation in rodents (Boles et al., 2012). In
humans, maternal pro-inflammatory cytokine concentrations are correlated with cord blood
pro-inflammatory cytokine concentrations, providing evidence for transmission from the
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maternal to the fetal compartment (Rakers et al., 2017; Ross et al., 2016). Elevated blood
concentrations of maternal TNF-a. during pregnancy have been shown to alter the
inflammatory secretion profile of the placenta, which, in turn, is associated with an increase
in pro-inflammatory cytokine concentrations in the fetal compartment (Siwetz et al., 2016).
Furthermore, if the mother is treated with TNF-a during pregnancy, TNF-a antagonists
deployed to counteract an increase in maternal TNF-a can be measured in the newborn,
suggesting a possible passage through the placenta (Mahadevan et al., 2013). However, a
perfusion study in human placentas examining the placental passage of TNF-a suggests
only minimal direct maternal-fetal and fetal-maternal transfer of cytokines (Zaretsky et al.,
2004). A second study found no evidence trans-placental TNF-a passage (Aaltonen et al.,
2005). Taken together, these findings in humans and animals suggest that maternal immune
signals might be transmitted indirectly through stimulation of the placental immune milieu,
and may thereby have the potential to induce pro-inflammatory cytokine release in the fetal
compartment. In addition, it is possible that the maternal pro-inflammatory state is a
response to gestational / fetal conditions (e.g, trophoblast ischemia, decidual inflammation)
that can contribute to a maternal inflammatory state supporting a bidirectional relationship
between the maternal and fetal compartment.

Our study findings also suggest that the presence of a maternal clinical condition/disorder
associated with inflammation (such as infection) is nota prerequisite for the link between
maternal pro-inflammatory state and newborn telomere length described here. Moreover,
previous studies in humans have demonstrated programming effects of a diverse range of
prenatal conditions on offspring telomere biology, including psychosocial stress, obesity,
gestational diabetes, tobacco exposure, and air pollution during pregnancy (Hjort et al.,
2018; Martens et al., 2017; Oerther and Lorenz, 2018; Salihu et al., 2016; Salihu et al., 2015;
Whiteman et al., 2017). We note that each of these conditions has the potential to trigger a
pro-inflammatory state in the mother and suggest that inflammation may represent an
underlying mediating pathway.

We suggest several features of our study represent strengths. First, we employed a
prospective design. Second, by using the pro-inflammatory ratio TNF-a/IL-10 we adopted a
systemic approach, because the two cytokines represent the relevant and functionally
intertwined axes of the immune system — the T/ and the T/, system. The pro-inflammatory
ratio TNF-a/IL-10, derived from three measurements across early, mid and late gestation,
thereby provides a robust indicator of the overall pro-inflammatory state in pregnancy.
Third, we measured newborn telomere length in immune cells soon after birth. Thus, these
measures are unlikely to have been confounded by additional postnatal conditions or the
postnatal environment.

The study also has some limitations. First, LTL was not adjusted for immune cell type. This
was not feasible because the heel stick procedure does not yield enough sample volume to
analyze cell population distribution. However, there is considerable synchrony in newborns
in telomere length within immune cells of the hematopoietic cell lineage, as well as across
tissues (Kimura et al., 2010; Okuda, 2002; Youngren et al., 1998). There is also a sufficient
degree of inter-correlation between LTL of different immune cell types within a person in
contrast to inter-individual variation (Lin et al., 2016). Given that hematopoietic stem cells
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ensure the life-long production of blood cells through self-renewal and differentiation into
all blood lineages (including peripheral leukocytes), LTL dynamics across the course of life
mimic telomere dynamics in the hematopoietic stem cells (Kimura et al., 2010; Sidorov et
al., 2009), and newborn LTL may therefore represent a good indicator of general immune
cell telomere dynamics. Second, our findings are based on a predominantly healthy, low-risk
normative population, with a relatively low pro-inflammatory ratio. Further, future studies
should examine the relationship between newborn LTL and immune profiles in high-risk
obstetric populations, such as mothers with hypertension, type 2 diabetes, or preeclampsia,
to compare the magnitude of effects between our population and these high-risk populations.
Third, our study did not incorporate a child follow up period. Future studies would benefit
from a follow-up through infancy, childhood, and beyond. Fourth, paternal age at conception
is another determinant of offspring telomere length at birth (Broer et al., 2013). Although
this information was not assessed in our study, we note that maternal age is typically highly
correlated with paternal age (Eisenberg and Kuzawa, 2018). Fifth, we were not sufficiently
powered to test a potential mediating effect of inflammatory pathways in the context of
maternal stress (and other adverse prenatal exposures/conditions) and programming of
offspring telomere biology which we suggest should be addressed in future studies.

To conclude, our study demonstrates a significant prospective association of maternal pro-
inflammatory state during pregnancy with the initial setting of her child’s telomere system.
The effect size of being ten percent shorter, for babies in the highest quartile of maternal
inflammation, if maintained over time, is presumed to have clinical significance later in life.
Thus, our findings add further evidence to the growing recognition that pre-disease pathways
for common, complex age-related disorders may have their foundations very early in life and
implicate the immune pathways as a key mediator in this context.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding: This work was supported by US PHS (NIH) grants R01 AG-050455, R01 HD-060628, R01 HD-065825,
UG3 0D-023349, and by ERC-Stg 678073. The funding sources had no involvement in study design; in the
collection, analysis and interpretation of data; in the writing of the report; and in the decision to submit the article
for publication.

References

Aaltonen R, Heikkinen T, Hakala K, Laine K, Alanen A, 2005. Transfer of Proinflammatory Cytokines
Across Term Placenta. Obstetrics & Gynecology 106, 802-807. [PubMed: 16199639]

Akiyama M, Hideshima T, Hayashi T, Tai Y-T, Mitsiades CS, Mitsiades N, Chauhan D, Richardson P,
Munshi NC, Anderson KC, 2003. Nuclear Factor-kappa B p65 Mediates Tumor Necrosis Factor
alpha-induced Nuclear Translocation of Telomerase Reverse Transcriptase Protein. Cancer Research
18, 19-21.

Akiyama M, Yamada O, Hideshima T, Yanagisawa T, Yokoi K, Fujisawa K, Eto Y, Yamada H,
Anderson KC, 2004. TNFalpha induces rapid activation and nuclear translocation of telomerase in
human lymphocytes. Biochem Biophys Res Commun 316, 528-532. [PubMed: 15020249]

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lazarides et al.

Page 11

Alijotas-Reig J, Esteve-Valverde E, Ferrer-Oliveras R, Llurba E, Gris JM, 2017. Tumor Necrosis
Factor-Alpha and Pregnancy: Focus on Biologics. An Updated and Comprehensive Review. Clin
Rev Allergy Immunol 53, 40-53. [PubMed: 28054230]

Asghar M, Hasselquist D, Hansson B, Zehtindjiev P, Westerdahl H, Bensch S, 2015. Chronic infection.
Hidden costs of infection: chronic malaria accelerates telomere degradation and senescence in wild
birds. Science 347, 436-438. [PubMed: 25613889]

Aubert G, Lansdorp PM, 2008. Telomeres and aging. Physiol Rev 88, 557-579. [PubMed: 18391173]

Aviv A, 2008. The epidemiology of human telomeres: faults and promises. J Gerontol A Biol Sci Med
Sci 63, 979-983. [PubMed: 18840804]

Aviv A, Valdes A, Gardner JP, Swaminathan R, Kimura M, Spector TD, 2006. Menopause modifies
the association of leukocyte telomere length with insulin resistance and inflammation. J Clin
Endocrinol Metab 91, 635-640. [PubMed: 16303830]

Baerlocher GM, Rice K, Vulto I, Lansdorp PM, 2007. Longitudinal data on telomere length in
leukocytes from newborn baboons support a marked drop in stem cell turnover around 1 year of age.
Aging cell 6, 121-123. [PubMed: 17156085]

Bateson M, Brilot BO, Gillespie R, Monaghan P, Nettle D, 2015. Developmental telomere attrition
predicts impulsive decision-making in adult starlings. Proc Biol Sci 282, 20142140. [PubMed:
25473012]

Benetos A, Kark JD, Susser E, Kimura M, Sinnreich R, Chen W, Steenstrup T, Christensen K, Herbig
U, Bornemann Hjelmborg J.v., Srinivasan SR, Berenson GS, Labat C, Aviv A, 2013. Tracking and
fixed ranking of leukocyte telomere length across the adult life course. Aging cell 12, 615-621.
[PubMed: 23601089]

Beyne-Rauzy O, Recher C, Dastugue N, Demur C, Pottier G, Laurent G, Sabatier L, Mansat-De Mas
V, 2004. Tumor necrosis factor alpha induces senescence and chromosomal instability in human
leukemic cells. Oncogene 23, 7507—-7516. [PubMed: 15326480]

Blackburn E, Epel E, Lin J, 2015. Human telomere biology: A contributory and interactive factor in
aging, disease risks, and protection. Science 350, 1193-1198. [PubMed: 26785477]

Blackburn E, Gall CM, 1978. A Tandemly Repeated Sequence at the Termini of the Extrachromosomal
Ribosomal RNA Genes in Tetruhymena. J. Mol. Biol 120, 33-53. [PubMed: 642006]

Blackburn EH, 2000. Telomeres and Telomerase. Keio Med J 49, 59-65.

Blackburn EH, 2001. Switching and Signaling at the Telomere. Cell 106, 661-673. [PubMed:
11572773]

Blackburn EH, 2005. Telomeres and telomerase: their mechanisms of action and the effects of altering
their functions. FEBS letters 579, 859-862. [PubMed: 15680963]

Blackburn EH, Greider CW, Szostak JW, 2006. Telomeres and telomerase: the path from maize,
Tetrahymena and yeast to human cancer and aging. Nature Medicine 12, 1133 — 1138.

Blaze J, Asok A, Borrelli K, Tulbert C, Bollinger J, Ronca AE, Roth TL, 2017. Intrauterine exposure
to maternal stress alters Bdnf IV DNA methylation and telomere length in the brain of adult rat
offspring. Int J Dev Neurosci.

Boles JL, Ross MG, Beloosesky R, Desai M, Belkacemi L, 2012. Placental-mediated increased
cytokine response to lipopolysaccharides: a potential mechanism for enhanced inflammation
susceptibility of the preterm fetus. J Inflamm Res 5, 67-75. [PubMed: 22924006]

Broer L, Codd V, Nyholt DR, Deelen J, Mangino M, Willemsen G, Albrecht E, Amin N, Beekman M,
de Geus EJ, Henders A, Nelson CP, Steves CJ, Wright MJ, de Craen AJ, Isaacs A, Matthews M,
Moayyeri A, Montgomery GW, Oostra BA, Vink JM, Spector TD, Slagboom PE, Martin NG,
Samani NJ, van Duijn CM, Boomsma DI, 2013. Meta-analysis of telomere length in 19,713
subjects reveals high heritability, stronger maternal inheritance and a paternal age effect. Eur J
Hum Genet 21, 1163-1168. [PubMed: 23321625]

Carpentier PA, Dingman AL, Palmer TD, 2011. Placental TNF-alpha signaling in illness-induced
complications of pregnancy. Am J Pathol 178, 2802-2810. [PubMed: 21641402]

Cavaillon J, Adib-Conquy M, 2002. The Pro-Inflammatory Cytokine Cascade. In: J.C. M, J. C (Eds.),
Immune Response in the Critically Ill. Update in Intensive Care Medicine. Springer, Berlin,
Berlin.

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lazarides et al.

Page 12

Cawthon RM, 2002. Telomere measurement by quantitative PCR. Nucleic Acids Res 30, e47.
[PubMed: 12000852]

Challier JC, Basu S, Bintein T, Minium J, Hotmire K, Catalano PM, Hauguel-de Mouzon S, 2008.
Obesity in pregnancy stimulates macrophage accumulation and inflammation in the placenta.
Placenta 29, 274-281. [PubMed: 18262644]

Chen G, Goeddel DV, 2002. TNF-R1 Signaling: A Beautiful Pathway. Science 2002, 1634-1635.

Choy EH, Panayi GS, 2001. Cytokine pathways and joint inflammation in rheumatoid arthritis. New
England Journal of Medicine 344, 907-916.

Codd V, Nelson CP, Albrecht E, Mangino M, Deelen J, Buxton JL, Hottenga JJ, Fischer K, Esko T,
Surakka I, Broer L, Nyholt DR, Mateo Leach I, Salo P, Hagg S, Matthews MK, Palmen J, Norata
GD, O'Reilly PF, Saleheen D, Amin N, Balmforth AJ, Beekman M, de Boer RA, Bohringer S,
Braund PS, Burton PR, de Craen AJ, Denniff M, Dong Y, Douroudis K, Dubinina E, Eriksson JG,
Garlaschelli K, Guo D, Hartikainen AL, Henders AK, Houwing-Duistermaat JJ, Kananen L,
Karssen LC, Kettunen J, Klopp N, Lagou V, van Leeuwen EM, Madden PA, Magi R, Magnusson
PK, Mannisto S, McCarthy MI, Medland SE, Mihailov E, Montgomery GW, Oostra BA, Palotie
A, Peters A, Pollard H, Pouta A, Prokopenko I, Ripatti S, Salomaa V, Suchiman HE, Valdes AM,
Verweij N, Vinuela A, Wang X, Wichmann HE, Widen E, Willemsen G, Wright MJ, Xia K, Xiao
X, van Veldhuisen DJ, Catapano AL, Tobin MD, Hall AS, Blakemore Al, van Gilst WH, Zhu H,
consortium CA, Erdmann J, Reilly MP, Kathiresan S, Schunkert H, Talmud PJ, Pedersen NL,
Perola M, Ouwehand W, Kaprio J, Martin NG, van Duijn CM, Hovatta I, Gieger C, Metspalu A,
Boomsma DI, Jarvelin MR, Slaghoom PE, Thompson JR, Spector TD, van der Harst P, Samani
NJ, 2013. Identification of seven loci affecting mean telomere length and their association with
disease. Nat Genet 45, 422-427, 427e421-422. [PubMed: 23535734]

Coussons-Read ME, Okun ML, Schmitt MP, Giese S, 2005. Prenatal stress alters cytokine levels in a
manner that may endanger human pregnancy. Psychosom Med 67, 625-631. [PubMed: 16046378]

De Meyer T, Eisenberg DT, 2015. Possible technical and biological explanations for the ‘parental
telomere length inheritance discrepancy' enigma. Eur J Hum Genet 23, 3—4. [PubMed: 24755952]

Denney JM, Nelson EL, Wadhwa PD, Waters TP, Mathew L, Chung EK, Goldenberg RL, Culhane JF,
2011. Longitudinal modulation of immune system cytokine profile during pregnancy. Cytokine 53,
170-177. [PubMed: 21123081]

Eisenberg DTA, Kuzawa CW, 2018. The paternal age at conception effect on offspring telomere
length: mechanistic, comparative and adaptive perspectives. Philosophical Transactions of the
Royal Society B: Biological Sciences 373.

Entringer S, Buss C, Wadhwa PD, 2010. Prenatal Stress and Developmental Programming of Human
Health and Disease Risk: Concepts and Integration of Empirical Findings. Curr Opin Endocrinol
Diabetes Obes 17, 507-516. [PubMed: 20962631]

Entringer S, Buss C, Wadhwa PD, 2012. Prenatal Stress, Telomere Biology, and Fetal Programming of
Health and Disease Risk. Science Signaling.

Entringer S, de Punder K, Buss C, Wadhwa PD, 2018. The fetal programming of telomere biology
hypothesis: an update. Philos Trans R Soc Lond B Biol Sci 373.

Entringer S, Epel ES, Kumsta R, Lin J, Hellhammer DH, Blackburn EH, Wust S, Wadhwa PD, 2011.
Stress exposure in intrauterine life is associated with shorter telomere length in young adulthood.
Proc Natl Acad Sci U S A 108, E513-518. [PubMed: 21813766]

Entringer S, Epel ES, Lin J, Buss C, Shahbaba B, Blackburn EH, Simhan HN, Wadhwa PD, 2013.
Maternal psychosocial stress during pregnancy is associated with newborn leukocyte telomere
length. Am J Obstet Gynecol 208, 134 €131-137. [PubMed: 23200710]

Factor-Litvak P, Susser E, Kezios K, McKeague I, Kark JD, Hoffman M, Kimura M, Wapner R, Aviv
A, 2016. Leukocyte Telomere Length in Newborns: Implications for the Role of Telomeres in
Human Disease. Pediatrics 137.

Fairlie J, Holland R, Pilkington JG, Pemberton JM, Harrington L, Nussey DH, 2016. Lifelong
leukocyte telomere dynamics and survival in a free-living mammal. Aging cell 15, 140-148.
[PubMed: 26521726]

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lazarides et al.

Page 13

Federico A, Morgillo F, Tuccillo C, Ciardiello F, Loguercio C, 2007. Chronic inflammation and
oxidative stress in human carcinogenesis. International journal of cancer. Journal international du
cancer 121, 2381-2386. [PubMed: 17893868]

Frenck RW Jr EH B, KM S, 1998. The rate of telomere sequence loss in human leukocytes varies with
age. Proc Natl Acad Sci U S A. 95, 5607-5610. [PubMed: 9576930]

Gardner M, Bann D, Wiley L, Cooper R, Hardy R, Nitsch D, Martin-Ruiz C, Shiels P, Sayer AA,
Barbieri M, Bekaert S, Bischoff C, Brooks-Wilson A, Chen W, Cooper C, Christensen K, De
Meyer T, Deary |, Der G, Diez Roux A, Fitzpatrick A, Hajat A, Halaschek-Wiener J, Harris S,
Hunt SC, Jagger C, Jeon HS, Kaplan R, Kimura M, Lansdorp P, Li C, Maeda T, Mangino M,
Nawrot TS, Nilsson P, Nordfjall K, Paolisso G, Ren F, Riabowol K, Robertson T, Roos G, Staessen
JA, Spector T, Tang N, Unryn B, van der Harst P, Woo J, Xing C, Yadegarfar ME, Park JY, Young
N, Kuh D, von Zglinicki T, Ben-Shlomo Y, Halcyon study, t., 2014. Gender and telomere length:
systematic review and meta-analysis. Exp Gerontol 51, 15-27. [PubMed: 24365661]

Haddad JJ, 2002. Recombinant TNF-alpha mediated regulation of the | kappa B-alpha/NF-kappa B
signaling pathway: evidence for the enhancement of pro- and anti-inflammatory cytokines in
alveolar epithelial cells. Cytokine 17, 301-310. [PubMed: 12061837]

Haussmann MF, Longenecker AS, Marchetto NM, Juliano SA, Bowden RM, 2011. Embryonic
exposure to corticosterone modifies the juvenile stress response, oxidative stress and telomere
length. Proc Biol Sci.

Haycock PC, Heydon EE, Kaptoge S, Butterworth AS, Thompson A, Willeit P, 2014. Leucocyte
telomere length and risk of cardiovascular disease: systematic review and meta-analysis. BMJ 349,
g4227. [PubMed: 25006006]

Heidinger BJ, Blount JD, Boner W, Griffiths K, Metcalfe NB, Monaghan P, 2012. Telomere length in
early life predicts lifespan. Proc Natl Acad Sci U S A 109, 1743-1748. [PubMed: 22232671]

Hjort L, Vryer R, Grunnet LG, Burgner D, Olsen SF, Saffery R, Vaag A, 2018. Telomere length is
reduced in 9- to 16-year-old girls exposed to gestational diabetes in utero. Diabetologia.

Houben JM, Moonen HJ, van Schooten FJ, Hageman GJ, 2008. Telomere length assessment:
biomarker of chronic oxidative stress? Free Radic Biol Med 44, 235-246. [PubMed: 18021748]

Howerton CL, Bale TL, 2012. Prenatal programing: at the intersection of maternal stress and immune
activation. Horm Behav 62, 237-242. [PubMed: 22465455]

Hunt JS, 1993. Expression and regulation of the tumour necrosis factor-alpha gene in the female
reproductive tract. Reproduction, fertility and development 5, 141-153.

Jurk D, Wilson C, Passos JF, Oakley F, Correia-Melo C, Greaves L, Saretzki G, Fox C, Lawless C,
Anderson R, Hewitt G, Pender SLF, Fullard N, Nelson G, Mann J, van de Sluis B, Mann DA, von
Zglinicki T, 2014. Chronic inflammation induces telomere dysfunction and accelerates ageing in
mice. Nature Communications 5, 4172.

Karlseder J, 2009. Chromosome end protection becomes even more complex. Nat Struct Mol Biol 16,
1205-1206. [PubMed: 19956204]

Kim S, Parks CG, DeRoo LA, Chen H, Taylor JA, Cawthon RM, Sandler DP, 2009. Obesity and
weight gain in adulthood and telomere length. Cancer Epidemiol Biomarkers Prev 18, 816-820.
[PubMed: 19273484]

Kimura M, Gazitt Y, Cao X, Zhao X, Lansdorp PM, Aviv A, 2010. Synchrony of telomere length
among hematopoietic cells. Exp Hematol 38, 854—-859. [PubMed: 20600576]

Kupferminc MJ, Peaceman AM, Wigton TR, Rehnberg KA, Socol ML, 1994. Tumor necrosis factor-a
is elevated in plasma and amniotic fluid of patients with severe preeclampsia. American Journal of
Obstetrics and Gynecology 170, 1752-1759. [PubMed: 8203436]

Lapham K, Kvale MN, Lin J, Connell S, Croen LA, Dispensa BP, Fang L, Hesselson S, Hoffmann TJ,
Iribarren C, Jorgenson E, Kushi LH, Ludwig D, Matsuguchi T, McGuire WB, Miles S,
Quesenberry CP Jr., Rowell S, Sadler M, Sakoda LC, Smethurst D, Somkin CP, Van Den Eeden
SK, Walter L, Whitmer RA, Kwok PY, Risch N, Schaefer C, Blackburn EH, 2015. Automated
Assay of Telomere Length Measurement and Informatics for 100,000 Subjects in the Genetic
Epidemiology Research on Adult Health and Aging (GERA) Cohort. Genetics 200, 1061-1072.
[PubMed: 26092717]

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lazarides et al.

Page 14

Lee SP, Hande P, Yeo GS, Tan EC, 2017. Correlation of cord blood telomere length with birth weight.
BMC Res Notes 10, 469. [PubMed: 28886728]

Lin J, Cheon J, Brown R, Coccia M, Puterman E, Aschbacher K, Sinclair E, Epel E, Blackburn EH,
2016. Systematic and Cell Type-Specific Telomere Length Changes in Subsets of Lymphocytes. J
Immunol Res 2016, 5371050. [PubMed: 26977417]

Lin J, Epel E, Blackburn E, 2012. Telomeres and lifestyle factors: roles in cellular aging. Mutat Res
730, 85-89. [PubMed: 21878343]

Lin J, Epel E, Cheon J, Kroenke C, Sinclair E, Bigos M, Wolkowitz O, Mellon S, Blackburn E, 2010.
Analyses and comparisons of telomerase activity and telomere length in human T and B cells:
insights for epidemiology of telomere maintenance. J Immunol Methods 352, 71-80. [PubMed:
19837074]

LinJ, SunJ, Wang S, Milush JM, Baker CAR, Coccia M, Effros RB, Puterman E, Blackburn E,
Prather AA, Epel E, 2018. In vitro proinflammatory gene expression predicts in vivo telomere
shortening: A preliminary study. Psychoneuroendocrinology 96, 179-187. [PubMed: 29980010]

Lindsay KL, Buss C, Wadhwa PD, Entringer S, 2018. Maternal Stress Potentiates the Effect of an
Inflammatory Diet in Pregnancy on Maternal Concentrations of Tumor Necrosis Factor Alpha.
Nutrients 10.

Liu B, Maekawa T, Chatton B, Ishii S, 2016. In utero TNF-alpha treatment induces telomere
shortening in young adult mice in an ATF7-dependent manner. FEBS Open Bio 6, 56-63.

Maekawa T, Liu B, Nakai D, Yoshida K, Nakamura Kl, Yasukawa M, Koike M, Takubo K, Chatton B,
Ishikawa F, Masutomi K, Ishii S, 2018. ATF7 mediates TNF-alpha-induced telomere shortening.
Nucleic Acids Res.

Mahadevan U, Wolf DC, Dubinsky M, Cortot A, Lee SD, Siegel CA, Ullman T, Glover S, Valentine
JF, Rubin DT, Miller J, Abreu MT, 2013. Placental transfer of anti-tumor necrosis factor agents in
pregnant patients with inflammatory bowel disease. Clin Gastroenterol Hepatol 11, 286-292; quiz
e224. [PubMed: 23200982]

Majetschak M, Obertacke U, Schade FU, Bardenheuer M, Voggenreiter G, Bloemeke B, Heesen M,
2002. Tumor Necrosis Factor Gene Polymorphisms, Leukocyte Function, and Sepsis Susceptibility
in Blunt Trauma Patients. Clinical and Vaccine Immunology 9, 1205-1211.

Martens DS, Cox B, Janssen BG, Clemente DBP, Gasparrini A, Vanpoucke C, Lefebvre W, Roels HA,
Plusquin M, Nawrot TS, 2017. Prenatal Air Pollution and Newborns' Predisposition to Accelerated
Biological Aging. JAMA Pediatr.

Martens DS, Plusquin M, Gyselaers W, De Vivo I, Nawrot TS, 2016. Maternal pre-pregnancy body
mass index and newborn telomere length. BMC Med 14, 148. [PubMed: 27751173]

Mons U, Muezzinler A, Schottker B, Dieffenbach AK, Butterbach K, Schick M, Peasey A, De Vivo I,
Trichopoulou A, Boffetta P, Brenner H, 2017. Leukocyte Telomere Length and All-Cause,
Cardiovascular Disease, and Cancer Mortality: Results From Individual-Participant-Data Meta-
Analysis of 2 Large Prospective Cohort Studies. Am J Epidemiol, 1-10.

Moore KW, O'Garra A Fau - de Waal Malefyt R, de Waal Malefyt R Fau - Vieira P, Vieira P Fau -
Mosmann TR, Mosmann TR, 1993. Interleukin 10. Annu, Rev, Immunol. 11, 165-190. [PubMed:
8386517]

Mor G, Aldo P, Alvero AB, 2017. The unique immunological and microbial aspects of pregnancy. Nat
Rev Immunol 17, 469-482. [PubMed: 28627518]

Muezzinler A, Mons U, Dieffenbach AK, Butterbach K, Saum KU, Schick M, Stammer H, Boukamp
P, Holleczek B, Stegmaier C, Brenner H, 2016. Body mass index and leukocyte telomere length
dynamics among older adults: Results from the ESTHER cohort. Exp Gerontol 74, 1-8. [PubMed:
26657493]

Muezzinler A, Zaineddin AK, Brenner H, 2013. A systematic review of leukocyte telomere length and
age in adults. Ageing Res Rev 12, 509-519. [PubMed: 23333817]

Muezzinler A, Zaineddin AK, Brenner H, 2014. Body mass index and leukocyte telomere length in
adults: a systematic review and meta-analysis. Obes Rev 15, 192-201. [PubMed: 24165286]

Murphy SP, Fast LD, Hanna NN, Sharma S, 2005. Uterine NK Cells Mediate Inflammation-Induced
Fetal Demise in IL-10-Null Mice. The Journal of Immunology 175, 4084-4090. [PubMed:
16148158]

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lazarides et al.

Page 15

O'Donovan A, Pantell MS, Puterman E, Dhabhar FS, Blackburn EH, Yaffe K, Cawthon RM, Opresko
PL, Hsueh WC, Satterfield S, Newman AB, Ayonayon HN, Rubin SM, Harris TB, Epel ES, Health
A, Body Composition S, 2011. Cumulative inflammatory load is associated with short leukocyte
telomere length in the Health, Aging and Body Composition Study. PLoS One 6, e19687.
[PubMed: 21602933]

O'Sullivan RJ, Kubicek S, Schreiber SL, Karlseder J, 2010. Reduced histone biosynthesis and
chromatin changes arising from a damage signal at telomeres. Nat Struct Mol Biol 17, 1218-1225.
[PubMed: 20890289]

Oerther S, Lorenz R, 2018. State of the Science: Using Telomeres as Biomarkers During the First
1,000 Days of Life. West J Nurs Res, 193945918762806.

Oken E, Kleinman KP, Rich-Edwards J, Gillman MW, 2003. A nearly continuous measure of birth
weight for gestational age using a United States national reference. BMC Pediatr 3, 6. [PubMed:
12848901]

Okuda K, 2002. Telomere Length in the Newborn. Pediatric Research 52, 377-381. [PubMed:
12193671]

Olszewski MB, Groot AJ, Dastych J, Knol EF, 2007. TNF Trafficking to Human Mast Cell Granules:
Mature Chain-Dependent Endocytosis. The Journal of Immunology 178, 5701-5709. [PubMed:
17442953]

Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymowitz SG, 2011. Regulation and functions of the
IL-10 family of cytokines in inflammation and disease. Annu Rev Immunol 29, 71-109. [PubMed:
21166540]

Prescott J, Kraft P, Chasman DI, Savage SA, Mirabello L, Berndt SI, Weissfeld JL, Han J, Hayes RB,
Chanock SJ, Hunter DJ, De Vivo I, 2011. Genome-wide association study of relative telomere
length. PLoS One 6, €19635. [PubMed: 21573004]

Quenby S, Vince G, Farquharson R, Aplin J, 2002. Recurrent miscarriage: a defect in nature’s quality
control? Human Reproduction 17, 1959-1963. [PubMed: 12151421]

Racicot K, Kwon JY, Aldo P, Silasi M, Mor G, 2014. Understanding the complexity of the immune
system during pregnancy. Am J Reprod Immunol 72, 107-116. [PubMed: 24995526]

Rakers F, Rupprecht S, Dreiling M, Bergmeier C, Witte OW, Schwab M, 2017. Transfer of maternal
psychosocial stress to the fetus. Neurosci Biobehav Rev.

Rangel-Zuniga OA, Corina A, Lucena-Porras B, Cruz-Teno C, Gomez-Delgado F, Jimenez-Lucena R,
Alcala-Diaz JF, Haro-Mariscal C, Yubero-Serrano EM, Delgado-Lista J, Lopez-Moreno J,
Rodriguez-Cantalejo F, Camargo A, Tinahones FJ, Ordovas JM, Lopez-Miranda J, Perez-Martinez
P, 2016. TNFA gene variants related to the inflammatory status and its association with cellular
aging: From the CORDIOPREYV study. Exp Gerontol 83, 56-62. [PubMed: 27477483]

Ratnayake U, Quinn T, Walker DW, Dickinson H, 2013. Cytokines and the neurodevelopmental basis
of mental illness. Front Neurosci 7, 180. [PubMed: 24146637]

Rehkopf DH, Needham BL, Lin J, Blackburn EH, Zota AR, Wojcicki JM, Epel ES, 2016. Leukocyte
Telomere Length in Relation to 17 Biomarkers of Cardiovascular Disease Risk: A Cross-Sectional
Study of US Adults. PLoS Med 13, €1002188. [PubMed: 27898678]

Rode L, Nordestgaard BG, Bojesen SE, 2015. Peripheral blood leukocyte telomere length and
mortality among 64,637 individuals from the general population. J Natl Cancer Inst 107, djv074.
[PubMed: 25862531]

Ross KM, Miller G, Culhane J, Grobman W, Simhan HN, Wadhwa PD, Williamson D, McDade T,
Buss C, Entringer S, Adam E, Qadir S, Keenan-Devlin L, Leigh AK, Borders A, 2016. Patterns of
peripheral cytokine expression during pregnancy in two cohorts and associations with
inflammatory markers in cord blood. Am J Reprod Immunol 76, 406-414. [PubMed: 27615067]

Rufer N, Brimmendorf TH, Kolvraa S, Bischoff C, Christensen K, Wadsworth L, Schulzer M,
Lansdorp PM, 1999. Telomere Fluorescence Measurements in Granulocytes and T Lymphocyte
Subsets Point to a High Turnover of Hematopoietic Stem Cells and Memory T Cells in Early
Childhood. The Journal of Experimental Medicine 190, 157-168. [PubMed: 10432279]

Sadowsky DW, Adams KM, Gravett MG, Witkin SS, Novy MJ, 2006. Preterm labor is induced by
intraamniotic infusions of interleukin-1beta and tumor necrosis factor-alpha but not by

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lazarides et al.

Page 16

interleukin-6 or interleukin-8 in a nonhuman primate model. Am J Obstet Gynecol 195, 1578—
1589. [PubMed: 17132473]

Saito S, Nakashima A, Shima T, Ito M, 2010. Th1/Th2/Th17 and regulatory T-cell paradigm in
pregnancy. Am J Reprod Immunol 63, 601-610. [PubMed: 20455873]

Salihu HM, King LM, Nwoga C, Paothong A, Pradhan A, Marty PJ, Daas R, Whiteman VE, 2016.
Association Between Maternal-Perceived Psychological Stress and Fetal Telomere Length. South
Med J 109, 767-772. [PubMed: 27911970]

Salihu HM, Pradhan A, King L, Paothong A, Nwoga C, Marty PJ, Whiteman V, 2015. Impact of
intrauterine tobacco exposure on fetal telomere length. Am J Obstet Gynecol 212, 205 e201-208.
[PubMed: 25173189]

Segovia SA, Vickers MH, Reynolds CM, 2017. The impact of maternal obesity on inflammatory
processes and consequences for later offspring health outcomes. J Dev Orig Health Dis 8, 529—
540. [PubMed: 28343461]

Send TS, Gilles M, Codd V, Wolf |, Bardtke S, Streit F, Strohmaier J, Frank J, Schendel D, Sutterlin
MW, Denniff M, Laucht M, Samani NJ, Deuschle M, Rietschel M, Witt SH, 2017. Telomere
Length in Newborns is Related to Maternal Stress During Pregnancy. Neuropsychopharmacol Off
Publ Am Coll Neuropsychopharmacol.

Shalev I, Entringer S, Wadhwa PD, Wolkowitz OM, Puterman E, Lin J, Epel ES, 2013. Stress and
telomere biology: a lifespan perspective. Psychoneuroendocrinology 38, 1835-1842. [PubMed:
23639252]

Sidorov I, Kimura M, Yashin A, Aviv A, 2009. Leukocyte telomere dynamics and human
hematopoietic stem cell kinetics during somatic growth. Exp Hematol 37, 514-524. [PubMed:
19216021]

Simhan HN, Krohn MA, 2009. First-trimester cervical inflammatory milieu and subsequent early
preterm birth. Am J Obstet Gynecol 200, 377 e371-374. [PubMed: 19200941]

Simhan HN, Krohn MA, Zeevi A, Daftary A, Harger G, Caritis SN, 2003. Tumor necrosis factor-a
promoter gene polymorphism —308 and chorioamnionitis. Obstetrics & Gynecology 102, 162—
166. [PubMed: 12850624]

Siwetz M, Blaschitz A, El-Heliebi A, Hiden U, Desoye G, Huppertz B, Gauster M, 2016. TNF-alpha
alters the inflammatory secretion profile of human first trimester placenta. Lab Invest 96, 428—
438. [PubMed: 26752743]

Tamura Y, Takubo K, Aida J, Araki A, Ito H, 2016. Telomere attrition and diabetes mellitus. Geriatrics
& gerontology international 16 Suppl 1, 66—74. [PubMed: 27018285]

Tarry-Adkins JL, Fernandez-Twinn DS, Chen JH, Hargreaves IP, Neergheen V, Aiken CE, Ozanne SE,
2016. Poor maternal nutrition and accelerated postnatal growth induces an accelerated aging
phenotype and oxidative stress in skeletal muscle of male rats. Dis Model Mech 9, 1221-1229.
[PubMed: 27585884]

Tellechea ML, Pirola CJ, 2017. The impact of hypertension on leukocyte telomere length: a systematic
review and meta-analysis of human studies. J Hum Hypertens 31, 99-105. [PubMed: 27357526]

Thaxton JE, Sharma S, 2010. Interleukin-10: a multi-faceted agent of pregnancy. Am J Reprod
Immunol 63, 482-491. [PubMed: 20163400]

Trautman MS, Collmer D, Edwin SS, White W, Mitchell MD, Dudley DJ, 1997. Expression of
Interleukin-10 in Human Gestational Tissues. Journal of the Society for Gynecologic
Investigation 4, 247-253. [PubMed: 9360229]

Vitoratos N, Papadias C, Economou E, Makrakis E, Panoulis C, Creatsas G, 2006. Elevated circulating
IL-1beta and TNF-alpha, and unaltered IL-6 in first-trimester pregnancies complicated by
threatened abortion with an adverse outcome. Mediators Inflamm 2006, 30485. [PubMed:
17047289]

Wedekind L, Belkacemi L, 2016. Altered cytokine network in gestational diabetes mellitus affects
maternal insulin and placental-fetal development. J Diabetes Complications 30, 1393-1400.
[PubMed: 27230834]

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW, 2003. Obesity is
associated with macrophage accumulation in adipose tissue. Journal of Clinical Investigation
112, 1796-1808.

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lazarides et al.

Page 17

Whiteman VE, Goswami A, Salihu HM, 2017. Telomere length and fetal programming: A review of
recent scientific advances. Am J Reprod Immunol 77.

Wilder RL, 1998. Hormones, pregnancy, and autoimmune diseases. Ann. N.Y. Acad. Sci 840, 45-50.
[PubMed: 9629235]

Wolkowitz OM, Mellon SH, Epel ES, Lin J, Dhabhar FS, Su Y, Reus VI, Rosser R, Burke HM,
Kupferman E, Compagnone M, Nelson JC, Blackburn EH, 2011. Leukocyte telomere length in
major depression: correlations with chronicity, inflammation and oxidative stress--preliminary
findings. PLoS One 6, e17837. [PubMed: 21448457]

Youngren K, Jeanclos E, Aviv H, Kimura M, Stock J, Hanna M, Skurnick J, Bardeguez A, Aviv A,
1998. Synchrony in telomere length of the human fetus. Hum Genet 102, 640-643. [PubMed:
9703424]

Zaretsky MV, Alexander JM, Byrd W, Bawdon RE, 2004. Transfer of inflammatory cytokines across
the placenta. Obstet Gynecol 103, 546-550. [PubMed: 14990420]

Zhang J, Rane G, Dai X, Shanmugam MK, Arfuso F, Samy RP, Lai MK, Kappei D, Kumar AP, Sethi
G, 2016. Ageing and the telomere connection: An intimate relationship with inflammation.
Ageing Res Rev 25, 55-69. [PubMed: 26616852]

Zhou X, Fragala MS, McElhaney JE, Kuchel GA, 2010. Conceptual and methodological issues
relevant to cytokine and inflammatory marker measurements in clinical research. Curr Opin Clin
Nutr Metab Care 13, 541-547. [PubMed: 20657280]

Brain Behav Immun. Author manuscript; available in PMC 2021 March 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lazarides et al.

&)
'

o

1.0-

Newborn Leucocyte Telomere Length (T/S-Ratio)

0.5+

0.0- '

Page 18

Newborn Leukocyte Telomere Length (T/S-Ratio)

0.0 | I T T T T
Ist Quartile 2nd Quartile 3rd Quartile 4th Quartile

5 10 15 20
Mean Proinflammatory Ratio (TNF-o/IL-10) across Pregnancy

1 '

Quartile Split of Maternal Proinflammatory Ratio
(TNF-0/1L-10) across Pregnancy

Figurel.
A Scatterplot of the unadjusted association between mean pro-inflammatory ratio (TNF-a/

IL-10) across pregnancy and newborn LTL (T/S-Ratio). Blue line is the fitted linear
regression line. Shaded area around the regression line is the +/- 95% confidence interval.
B Bar chart of newborn LTL (T/S-ratio) for groups based on quartile split of maternal pro-
inflammatory ratio (TNF-a/IL-10) across pregnancy. Error bars display = 2 standard errors.
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Table 1.

Sample characteristics: maternal sociodemographic variables, obstetric risk factors, and infant outcomes.

Maternal characteristics N=112

Mean pro-inflammatory ratio TNF-a/IL-10 across pregnancy (M +SD)  3.619 + 2.321

Maternal age (years, M + SD) 28.0+54
Education (7, %)
Some high school or less 23 (21.5%)
Technical or Vocational School or Certificate 12 (11.2%)
Some college or associates degree 40 (37.4%)
Bachelor’s degree or higher 32 (29.9%)
Income (USD, n, %)
<15k 11 (10.2%)
15-50k 43 (39.8%)
50-100k 41 (38.0%)
>100k 13 (12.0%)
Race/ethnicity (n, %)
Non-Hispanic White 42 (39.6%)
Hispanic White 41 (38.7%)
Other 23 (21.7%)
Pre-pregnancy BMI (M + SD) 275+6.6
Normal weight (< 25) 51 (45.6%)
Overweight (25-30) 32 (28.6%)
Obese (> 35) 29 (25.9%)

Table continues on the next page.

Obstetric risk characteristics

Obstetric risk factors (77, %) 14 (13.0%)
Severe Infections 4 (3.7%)
Preeclampsia 3(2.7%)
Diabetes 7 (6.3%)

Parity (1, %)

0 42 (39.3%)
1 29 (27.1%)
2 21 (19.6%)
>2 15 (14.0%)
Infant characteristics N=112
Newborn LTL (T/S-ratio, M + SD) 1.485 + .311

Child’s sex (1, %)

Female 51 (45.5)

GA at birth (weeks, M + SD) 39.3+14
Birthweight percentile (Oken et al., 2003, M + SD) 47.24 £ 27.97
Birth length (cm, M + SD) 49.25 +4.93
Birth weight (grams, M + SD) 3354.7 £ 509.6
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Maternal characteristics N=112

Infant age at blood draw (weeks, M + SD) 34+15
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Table 2.

Page 21

Median, means, interquartile range, standard deviations and range of cytokines TNF-a,, IL-10 and the pro-

inflammatory ratio TNF-a/IL-10 for each of the three visits (T1, T2, T3) and across pregnancy.

M Mdn SD IQR  Minimum Maximum
TNF-a (pg/ml)
T1 8.338 7.890 3518 4.308 1.140 19.360
T2 8.535 7.823 3.816 5.044 1.160 23.309
T3 8.833  8.000 3.755 4.465 1.354 19.732
Mean 8.462 8.246 2.797 3.548 1.150 14.800
1L-10 (pg/ml)
T1 14457 2425 106.406 1.476 470 1028.222
T2 6.753  2.470 38.224 1.388 .750 393.451
T3 7.324  2.361 40416 1.495 .670 405.615
Mean 8.677 2361  57.400 1.447 .630 609.096
TNF-a/IL-10
T1 3.788 3.285 2936 2.750 011 22.085
T2 3.561 2.996 2.206 2351 .024 14.24
T3 3.790 3.405 2404 2781 .013 15.075
Mean 3.619 3.160 2323 2112 .014 16.487

Note. Sample size at each visit and across pregnancy was at T1: 7=97, at T2: /=109, at T3: 7=103, across pregnancy A=112.
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Summary of the unadjusted and adjusted models derived from linear regression analysis (A=112).

Table 3.

LTL at birth B SEB | B Cl, Cly t p
[T/Sratio]
Unadjusted Model
Intercept 1.592 .053 1.486 1.698 | 29.832 | <.001
Mean

-.030 012 | -.222 -.054 -.005 | -2.393 .018
TNF-a/IL-10
Adjusted Model
Intercept 1.799 214 1.373 2.225 8.375 | <.001
Mean

-.027 .012 | -.205 | -0.052 | -0.003 | —2.203 .030
TNF-a/IL-10
Maternal age .002 .006 .043 | -0.009 0.014 433 .666
Pre-pregnancy BMI | -.010 .004 | -.219 | -0.019 | -0.001 | -2.309 .023
Sex of the child .000 .058 .001 | -0.115 0.116 .007 .994
Birthweight

-.000 .001 | -.004 -.002 .002 -.035 972
percentile

Notes. B= unstandardized coefficient, SE B= standard error of the unstandardized coefficient, B=standardized coefficient, C/; 95% Confidence

Interval of Blower bound, C/({y95% Confidence Interval of B upper bound.
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