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ARTICLE INFO ABSTRACT
Keywords: Background: Pregnancy is an immunomodulatory state, with reported systematic changes in inflammatory and
Pregnancy immune activity by pregnancy stage. Published data are inconsistent as to how inflammatory and immune

Postpartum Period
Inflammatory Proteins
Parity

BMI

markers change and recover across pregnancy and the postpartum period, or the sociodemographic, health and
pregnancy-related factors that could affect biomarker trajectories. The purpose of this study is to describe in-
flammatory and immune marker trajectories from pregnancy to a year post-birth, and to test associations with
sociodemographic, health and pregnancy-related variables.

Methods: A sample of 179 pregnant women were assessed three times during pregnancy (between 8 and 36 weeks
gestation) and three times during the postpartum period (between 1 and 12 months). Maternal sociodemographic
characteristics, health, and pregnancy factors were obtained at study entry. Blood samples from each assessment
were assayed for interleukin(IL)-6, tumor necrosis factor(TNF)a, IL-8, IL-10, and interferon(IFN)y. Multilevel
modelling was used to characterize biomarker trajectories and associations with sociodemographic and health
variables.

Results: Distinct trajectories over time emerged for each biomarker. Male pregnancies were associated with
higher TNFaq, IL-10, and IFNy; higher pre-pregnancy BMI was associated with higher IL-6 and IFNy. Nulliparity
was associated with greater increases in IL-6 and TNFa.

Conclusions: Patterns observed for inflammatory and immune markers from pregnancy to a year postpartum
support the hypothesis that the maternal immune system changes systematically across pregnancy and through
an extended postpartum period. Parity, pre-pregnancy BMI and child sex are associated with inflammatory
marker patterns over time. These results contribute to our understanding of how immune system activity changes
from pregnancy to the post-birth period, and the factors that could affect those changes.

1. Introduction and delivery) characterized by pro-inflammatory processes, and mid-
pregnancy (fetal development and growth) characterized by anti-

The immune system plays a central role in healthy pregnancy and the inflammatory processes [1-3]. These changes to maternal immune ac-
postpartum period. There is some evidence that maternal immune ac- tivity are attributed to altered neuroendocrine signaling, as regulated by
tivity shifts systematically over the course of pregnancy, with early the maternal-placental-fetal unit [1], and disrupted immune activity is
pregnancy (at the time of conception) and late pregnancy (during labor related to risk for adverse outcomes, such as preterm birth [4]. Altered
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immune activity continues into the postpartum period (the “fourth
trimester”) [5], driven by recovery from labor and delivery, on-going
lactation, and sleep deprivation [6]. The precise nature and timing of
these pregnancy and postpartum immune adaptations, however, are still
under investigation. “Normal” inflammatory patterns must be illumi-
nated in order to identify patterns that pose risk for adverse outcomes.

Several studies have explored how peripheral immune or inflam-
matory proteins vary over the course of pregnancy [7-18], and into the
postpartum period [19-29]. These studies are generally consistent with
the observations above, i.e., that pregnancy inflammatory activity shifts
systematically over time. Yet, integration of the findings has proven
difficult for several reasons. First, the majority of studies — even those
published within the last 5 years — have relatively small samples, by
which we mean N < 100 or Navg = 60
[7,11-14,17,19-21,23,25,26,28,30]. Second, there is substantial vari-
ability concerning the number and timing of blood sampling. Although a
minimum of three pregnancy assessments is more common, studies have
assessed inflammatory proteins only once [22,24] or twice [8,13,15]
during pregnancy. It is difficult to infer trends over time using three or
fewer assessments. Third, although pregnancy-driven immune changes
can persist into the postpartum period [31-33], postpartum samples are
not consistently collected. If postpartum samples are collected, sampling
generally occurs at 6 months postpartum or earlier, but has ranged from
3 days [19,20] to 3 years post-delivery [24]. Given that inflammatory
marker concentrations may not return to pre-pregnancy levels until a
year after birth [24], sample collection at 6 months postpartum or
earlier may not provide an adequate understanding of postpartum in-
flammatory protein changes. And finally, assays with different sensi-
tivities are used (e.g. mass cytometry, proximity extension assay
multiplex, bead-based multiplex, electrochemiluminescence multiplex,
and single-protein enzyme-linked immunosorbent assays), which affect
ability to detect subtler patterns. In sum, small sample sizes, differences
in number and timing of sampling, lack of postpartum sampling and
differences in assays used make the literature difficult to evaluate or
integrate.

Researchers posit that deviations from expected maternal pro- and
anti-inflammatory patterns over pregnancy can pose risk for adverse
pregnancy outcomes, such as preterm birth [4]. The factors that cause
deviations in inflammatory protein trajectories, or the nature of those
deviations, are not known. Immune activity may vary by sociodemo-
graphic characteristics. Advanced maternal age (>35 years) was associ-
ated with higher pro-inflammatory [interleukin (IL)-6, tumor necrosis
factor (TNF)a] and immune activation [IL-2, interferon (IFN)y] protein
concentrations at 8.5 and 25 weeks gestation in a sample of 1,274
Danish women [8]. Race/ethnicity could also be associated with
inflammation during pregnancy. Being a member of a racial/ethnic
minority is associated with increased risk for adverse pregnancy out-
comes, especially preterm birth and preeclampsia [34], and possibly
higher pro-inflammatory markers during pregnancy (e.g. IL-6) in part
due to chronic stress, such as discrimination exposure [35]. One study
tested whether race/ethnicity was associated with changes in inflam-
matory protein production following peripheral blood mononuclear cell
activation with lipopolysaccharide (LPS) in a sample of Black and White
pregnant women [36]. No systematic differences by race were observed,
but it is also not clear how inflammatory protein production following
immune activation relates to levels of peripheral inflammatory markers.
Finally, lower socioeconomic status (SES) is associated with a number of
inflammatory outcomes during pregnancy, including evidence of
chronic inflammation in the placenta at birth [37,38] and higher pe-
ripheral IL-6 and C-reactive protein (CRP), as mediated by pre-
pregnancy body mass index (BMI) [39]. Although maternal age, race/
ethnicity, and SES may be associated with inflammatory activity from
pregnancy to the postpartum period, no studies have directly tested
associations between these sociodemographic characteristics and
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inflammatory protein trajectories.

Other important health and perinatal risk factors could affect in-
flammatory protein trajectories over pregnancy, such as parity,
maternal pre-pregnancy BMI, and fetal sex. Being parous, or having had
a previous birth, is associated with persistent changes in immune ac-
tivity. For example, T-regulatory cells that migrate into the decidua, or
mucosal lining of the uterus, persist after delivery and rapidly accu-
mulate during subsequent pregnancies [1], suggesting what is referred
to as “pregnancy memory” [40]. One study tested whether parity was
associated with inflammatory protein levels at 8.5 and 25 weeks
gestation in a sample of 1,274 Danish women but found no associations
[8]. Again, inflammatory protein trajectories were not modeled.

Pre-pregnancy BMI is also associated with inflammatory outcomes
during pregnancy. Adipose tissue produces pro-inflammatory cytokines,
e.g. IL-6 [41], and so higher BMI could affect immune system regulation
over pregnancy. Higher pre-pregnancy BMI is associated with immune
or inflammatory protein concentrations over pregnancy, but specific
patterns vary. For example, in two studies, higher pre-pregnancy BMI
was associated with higher pro-inflammatory markers (e.g. IL-6 and
TNFa) at time points between 11 weeks gestation and 4 months post-
partum [23,42]. Other studies reported that higher pre-pregnancy BMI
was not associated with IL-6 or TNFa, but was associated with higher
IFNy at 8.5 and 25 weeks gestation [8], and that it was not associated
with IL-6 at 10 to 14 and 26 to 28 weeks gestation, preceding delivery,
and 3 days postpartum [19]. Fetal sex is sometimes implicated in
maternal immune activity over pregnancy. In a study of 38 pregnancies,
carrying a male fetus was associated with higher levels of some pro-
inflammatory proteins (e.g. IL-12p70, IL-21) at multiple time points
over pregnancy [43], whereas in another sample of 80 pregnant women,
fetal sex was not associated with inflammatory protein production
following peripheral blood mononuclear cell (PBMC) activation with
LPS over pregnancy, but not peripheral inflammatory markers over
pregnancy [12]. Finally, infection during pregnancy increases risk for
adverse outcomes, such as preterm birth [44]. Whether infections are
associated with altered inflammatory trajectories over pregnancy and
the postpartum period is not known.

The primary purpose of this study was to document peripheral blood
concentrations of immune and inflammatory proteins (IFNy, IL-10, IL-6,
IL-8, TNFa) at multiple time points from pregnancy (8 to 16 weeks
gestation) to one-year post-birth. Further, we hypothesized that factors
previously associated with inflammatory levels during pregnancy and
the postpartum period, namely sociodemographic characteristics
(maternal age, race/ethnicity, SES) and/or health and perinatal risk
factors (parity, pre-pregnancy BMI, fetal sex, infections), could be
related to trajectories of immune and inflammatory proteins during and
following pregnancy.

2. Methods
2.1. Participants

The sample consisted of 179 pregnant women recruited from Los
Angeles, CA, and Denver, CO, as part of the Healthy Babies Before Birth
(HB3) study. Inclusion criteria were 18 years of age or older and
singleton pregnancies of up to 12 weeks gestation at time of recruitment.
Exclusion criteria were current substance abuse, HIV-positive status,
current smoking, or medications that could affect inflammatory pro-
cesses, such as glucocorticoids, either at the time of recruitment or while
participating. A sample of 294 women enrolled in the study and
completed baseline measures. Of those, 199 participants had inflam-
matory marker data available at two or more time points. Complete data
on all variables were only available for 179 participants [20 participants
were excluded due to missing data for gestational age at study entry
(33%), maternal age (21%), marital status (21%), SES (29%), race/



K.M. Ross et al.

ethnicity (21%) and child sex (21%)]. All participants provided
informed consent, and protocols and procedures were reviewed and
approved by IRBs at the University of California — Los Angeles, Uni-
versity of Colorado — Colorado Springs, Denver University and Cedars-
Sinai Medical Centre in Los Angeles.

2.2. Procedure

Women completed interviews and provided blood samples at three
time points during pregnancy (at study entry at 8-16 weeks gestation
[T1], 20-26 weeks gestation [T2], and 30-36 weeks gestation [T3]), and
at three time points during the postpartum period (1 month [P1], 6
months [P2], and 12 months [P3] postpartum) in prenatal settings and
healthcare or university labs after birth. Medical variables on birth
outcomes and pregnancy risks were also abstracted from medical charts.

2.3. Sociodemographic variables

At study entry, women provided information on sociodemographic
characteristics: (1) Age (at study entry, years), (2) self-identified race/
ethnicity, (3) socioeconomic status (SES) based on education and
household income, and (4) marital status (married or cohabiting or not).
Race/ethnicity was dummy coded using two variables: “Race Hispanic”
was coded as Hispanic (1) and White or Other race (0), and “Race Other”
was coded as Other Race (1) and Hispanic or White (0). No participants
identified as Black Hispanic.

SES was computed by standardizing education and adjusted per
capita household income and taking the average of the standardized
scores. Higher values indicate higher SES. Adjusted per capita household
income was calculated by dividing household income by the number of
individuals in the household.

2.4. Pregnancy and health variables

Pregnancy and health-related variables were parity (nulliparous or
not), child sex (0 = male or 1 = female), and evidence of any infection
during pregnancy. Number of prior live births (parity) was reported by
mothers at study entry and was also in medical charts. Evidence of any
infections during pregnancy was based on medical chart abstraction by
trained staff and maternal self-report, and could include sexually
transmitted infections, urinary tract infections, vaginal infections or
other infections. Women were coded as yes (1) or no (0) regarding the
presence of any infections during pregnancy. Gestational age at blood
sample collection was calculated by subtracting conception date as
determined through ultrasound from the assessment date. Gestational
age at study entry (T1) was included as a covariate to equate all par-
ticipants with respect to gestation at baseline.

At study entry, participants reported their last pre-pregnancy weight.
Maternal height was measured by study personnel at baseline using a
balance-beam scale. Pre-pregnancy BMI (kg/m?) was calculated by
taking the last pre-pregnancy weight (kg) and dividing by height
squared (mz).

Preterm birth (less than 37 weeks gestation), low birth weight (less
than 2500 g), and obstetric risk were available and also considered as
predictors. Obstetric risk was calculated as per previous research [44],
defined as presence of historical risk factors and medical conditions that
increase risk for preterm birth, including previous history of preterm
birth, vaginal bleeding, hypertension, diabetes and evidence of infec-
tion. Obstetric risk was coded as ‘any’ (1) and ‘none’ (0). Preterm birth,
low birth weight and obstetric risk were not associated with inflam-
matory protein outcomes (p’s > 0.05), and were excluded from final
models.

2.5. Maternal plasma inflammatory protein concentrations

Blood samples were obtained by venipuncture into an EDTA
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Vacutainer tube (BD Bioscience). If participants reported an active
infection at the time of assessment, the blood draw was rescheduled to a
time after the infection had resolved. Blood samples were processed to
plasma immediately post-collection, and stored at —80C until assay.
Cytokines were measured by electrochemiluminescent immunoassay on
a MesoScale Discovery (MSD) MESO QuickPlex SQ 120 instrument and
Discovery Workbench software, using an MSD V-PLEX Custom Human
Cytokine Proinflammatory Panel [IFNy, IL-10, IL-6, IL-8 and TNFa]
(MSD, Rockville, MD). The five additional analytes available on the full
panel (IL-1p, IL-2, IL-4, IL-12p70, and IL-13) were not utilized based on
pilot studies with HB3 pregnancy samples that indicated the majority of
samples were below the limit of detection for these analytes (data not
shown). MSD assays were performed in duplicate at a 2-fold sample
dilution according to the manufacturer’s protocol, with an extended
standard curve at the lower end that utilized an 8-point curve of serial 3-
fold dilutions, beginning with a 3-fold dilution of the multianalyte
calibrator provided by the manufacturer. All samples from a single
participant were assayed on the same plate, and all plates were from the
same kit lot; an internal quality control sample was included on every
plate to monitor assay reproducibility. Analyte-specific lower limits
were calculated for each assay plate, with typical lower limits of 0.1 pg/
mL for IL-10, 0.2-0.3 pg/mL for IL-6 and TNFa, and 0.6 pg/mL or less for
IFNy and IL-8. Samples with concentrations below the lower limit of
detection for a given analyte (2.9% of samples for IL-10, 3.0% for IL-6,
0.5% for IL-8) were assigned values equal to the plate-specific lower
limit of detection (LLD)/ \/2 [9]. Inter-assay coefficients of variation
were less than 10% for IL-6 and IL-8, less than 12% for IFNy and TNFa,
and 16% for IL-10 (which was expected due to very low concentrations).
Mean intra-assay coefficients of variation were less than 10% for all
analytes.

2.6. Analytic strategy

Cytokine concentration distributions were positively skewed and
were natural log (In) transformed prior to analysis. Two-level multilevel
models were used to determine cytokine trajectories over the follow-up
(pregnancy to a year post-birth), and associations between sociodemo-
graphic, pregnancy, and health variables and cytokine protein trajec-
tories, as shown in Equation 1. All models were run using HLM 8.00
[45]. Estimated trajectories and intercepts were allowed to vary
randomly. Models were estimated with robust standard errors and
restricted maximum likelihood (REML). Within-person variables
modeling time (months) were entered uncentered at Level 1. Linear
(Time), quadratic (Timez), and cubic (Time®) trends in trajectories were
modeled. Between-person variables (sociodemographic, pregnancy, and
health variables) were grand centered and entered at Level 2. Cytokine
trajectories were calculated by subbing appropriate values into the
multilevel model regression equations [46,p. 63-65]

Equation 1 models both the intercept (mp;) and trajectories over time
(my; — m3p). Within the intercept equations, the coefficient oo can be
interpreted as the average, adjusted cytokine protein concentration at
study entry. The remaining coefficients (Bo;) indicate associations be-
tween other variables and the intercept or cytokine protein concentra-
tions at study entry. Within the trajectory equations (m1; — m3;), the
coefficients B9, 20 and B3p indicate the average, adjusted within-person
changes or trajectories over the follow-up (linear, quadratic and cubic
influences, respectively). The remaining coefficients are cross-level
interaction terms (between Level 2 variables and Level 1 linear,
quadratic or cubic trends in time). Cross-level interactions were probed
by calculating cytokine trajectories at different levels of the Level 2
variable. For continuous variables, trajectories were calculated at the
mean and +/- 1 SD. For dichotomous variables, trajectories were
calculated for each coded value.

Equation 1:

Cytokine],, = mo; + 1y;*(Time) + my* (Time?) + 3% (Time®) +-ey;
,)/ t
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70i = PBoo + Por ¥ (PreBMI) + B, * (EntryGA) + B3 * (Age) + fou* (Marital Status)
+Pos*(SES) + Py * (Race Hispanic)+ fy,*(Race Other)+ fos*(Parity)
+Poo*(Child Sex)+p,,*(Infection) + ry;

o

i =P+ P11 *(PreBMI) +p,,* (Entry GA)+p,*(Age)+p,* (Marital Status)
+,5*(SES)+p,¢*(Race Hispanic)+p;*(Race Other)+ps*(Parity)
+P1o%(Child Sex)+p,o* (Infection)+ry;

)

72i =Pg+ Pr * (PreBMI )+ B, * (Entry GA)+ ;% (Age)+Pr* (Marital Status)
+P,5*(SES)+ P, *(Race Hispanic)+f,;*(Race Other)+p,s* (Parity)

+ P10 * (ChildSex) + B, * (Infection) +ry;

1

/5

4

i = P30+ P31 ¥ (PreBMI) + B3, * (EntryGA) + 33 * (Age) + B3, * (Marital Status)
+ P35 *(SES) + P36 * (Race Hispanic)+ s, *(Race Other)+ fs5*(Parity)
+Pso*(Child Sex)+fs1* (Infection) + ro;

3. Results

Sample characteristics are presented in Table 1, and correlations in
Table S1. Participants were on average 31 +/- 5.8 years old at study
entry, primarily non-Hispanic White (46%) or Hispanic (36%), and
roughly half nulliparous (57%). The sample was also evenly divided
with respect to child sex (46% female; 54% male).

Coefficients for multilevel models predicting covariate-adjusted im-
mune and inflammatory protein levels at study entry (T1) and trajec-
tories from pregnancy to one-year post-birth appear in Table S2. All
figures show adjusted immune protein trajectories. All reported associ-
ations between a predictor and inflammatory protein intercepts or tra-
jectories are independent of all other predictors.

3.1. 1I-6

IL-6 is a pro-inflammatory cytokine, involved in activating or up-
regulating inflammatory responses [47,48]. There was a significant
linear, ;90 = 0.027, SE = 0.008, p = .001, and quadratic, 29 = -0.071,
SE = 0.001, p = .040, trend in IL-6 trajectories from pregnancy to a year

Table 1
Sample characteristics (N = 179).

Variable Mean +/- SD or % (N)

Site (Los Angeles) 61% (109)

Age (years) 31.0 +/- 5.8
Race/ethnicity Non-Hispanic White 44% (80)
Hispanic 35% (64)
Black 9% (16)
Asian 8% (14)
Multi-race 3% (5)
Per capita household income ($) 25,554 +/- 24,391
Education (years) 15.9 +/- 3.2
Marital status (married) 74% (132)
Gestational age at study entry 14.0 +/- 1.7
(weeks)
Gestational age at birth (weeks) 39.3 +/-2.1
Pre-pregnancy BMI (kg/m2) 26.3+/-7.1
Nulliparous 56% (100)
Child sex (female) 45% (81)
Any infection during pregnancy 51% (93)

Time of assessment after study entry 0.0 +/- 0.0 months (14.0 weeks gestation)

T1

T2 1.9 +/- 0.5 months (21.6 weeks gestation)

T3 4.3 +/- 0.6 months (31.2 weeks gestation)

P1 7.5 +/- 0.6 months (1.18 months
postpartum)

P2 12.1 +/- 0.6 months (5.78 months
postpartum)

P3 18.2 +/- 0.7 months (11.9 months

postpartum)
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post-birth. Specifically, IL-6 gradually increased from study entry (8 to
16 weeks gestation) to labor and delivery, then, it gradually decreased
over the post-birth period (Fig. 1).

Pre-pregnancy BMI, SES, and parity were associated with IL-6 from
pregnancy to a year post-birth. Higher pre-pregnancy BMI was associ-
ated with higher IL-6 at study entry, fp; = 0.018, SE = 0.004, p < .001,
but was not associated with differences in trajectories from pregnancy to
a year post-birth, p’s > 0.269. SES was not associated with IL-6 at study
entry, fps = -0.002, SE = 0.026, p = .939, but did interact with linear
trends in IL-6 over time, 75 = -0.022, SE = 0.011, p = .047. Specifically,
lower SES was associated with steeper increases in IL-6 over the preg-
nancy period (Fig. 2).

Finally, although parity was not associated with IL-6 at study entry,
Pos = 0.008, SE = 0.051, p = .869, parity interacted with linear, ;5 =
-0.050, SE = 0.021, p = .020, quadratic, ff2g = 0.007, SE = 0.003, p =
.012, and cubic, fizg = -2.4x1 0’4, SE = 9.5x10’5,p =.012, trends in IL-6
over time. As shown in Fig. 3A, nulliparous pregnancies were charac-
terized by quadratic trends in IL-6 over time, with increasing IL-6 from
pregnancy to labor and delivery, followed by gradual decreases over the
post-birth period. In contrast, parous pregnancies were characterized by
cubic trends in IL-6 over time, characterized by lower IL-6 during
pregnancy, followed by increasing IL-6 to 6 months post-birth, and de-
creases to 12 months post-birth.

3.2. TNFa

TNFa is another pro-inflammatory cytokine, involved in activating
or up-regulating inflammatory responses [49]. There was a significant
linear, f79 = 0.020, SE = 0.005, p < .001, and cubic, B39 = -7.60x107°,
SE =3.2x10">, p =.018, trend in TNFa trajectories from pregnancy to a
year post-birth. TNFa increased from study entry (8 to 16 weeks gesta-
tion) to 6 months post-birth, then decreased slightly to a year post-birth
(Fig. 1).

Child sex was associated with TNFa at study entry, g9 = -0.068, SE
= 0.029, p = .023, such that being pregnant with a male fetus was
associated with higher TNFa. Although parity was not associated with
TNFa at study entry, fpg = 0.065, SE = 0.034, p = .057, parity interacted
with linear, f;5 = -0.039, SE = 0.011, p < .001, quadratic, f2g = 0.006,
SE = 0.002, p = .003, and cubic, f3g = -2.03x10~%, SE = 7.20x10 7>, p =
.006, trends in TNFa over time. As shown in Fig. 3B, nulliparity was
associated with cubic trends in TNFaq, such that TNFa began to increase
later in pregnancy, continued to increase to 6 months post-birth, and
then decreased to 12 months post-birth. In contrast, parity was associ-
ated with earlier increases in TNFa during pregnancy, but smaller
overall increases in TNFa to 6 months post-birth, followed by similar
decreases in TNFa to 12 months post-birth.

3.3. IL-8

IL-8 (also known as CXCLS8) is a chemokine involved in neutrophil
recruitment, either in an inflammatory response to an immune challenge
or to facilitate tissue remodeling [50]. There was a significant quadratic,
B0 = 0.010, SE = 0.002, p < .001, and cubic, f39 = -4.48x10%, SE =
8.1x10°5, p < .001, trend in IL-8 trajectories from pregnancy to a year
post-birth. Specifically, IL-8 increased from study entry (8 to 16 weeks
gestation) through to 6 months post-birth, and then decreased slightly to
12 months post-birth (Fig. 1).

Age and race/ethnicity were associated with IL-8 at study entry.
Specifically, older age, g3 = 0.010, SE = 0.005, p = .041, and being of
Hispanic ethnicity, fps = 0.110, SE = 0.047, p = .020, were associated
with higher IL-8 at study entry. Neither age nor race/ethnicity, however,
were associated with IL-8 trajectories from pregnancy to a year post-
birth, p’s > 0.684.
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3.4. IL-10

IL-10 is an anti-inflammatory cytokine, involved in regulating (or
down-regulating) inflammatory responses [51-54]. There was a
marginally significant quadratic, 29 = -0.002, SE = 0.001, p =.097, and
cubic trend, fi30 = 0.8.2x 10, SE = 4.8x10*, p = .086, in IL-10 over
time. As shown in Fig. 1, IL-10 decreased slightly from study entry (8 to
16 weeks gestation) to 6 months after-birth, followed by a slight increase
to 12 months post-birth. Of note, IL-10 had lowest total variability
(6 1otal = 0.020), which reduced power to detect effects.

Of the sociodemographic, pregnancy and health factors considered,
only child sex was associated with IL-10 at study entry, g9 = -0.071, SE
= 0.025, p = .004. Specifically, being pregnant with a male fetus was
associated with higher IL-10 at pregnancy.

3.5. IfNy

IFNy is secreted by natural killer (NK) cells and Th1 cells, and is
involved in regulating innate and adaptive viral immunity [55]. There
were significant linear, ;9 = -0.053, SE = 0.024, p = .027, quadratic,
P20 = 0.009, SE = 0.004, p = .019, and cubic, f3p = -3.76x1074, SE =
1.59x107%, p = .019, trends in IFNy trajectories over time (Fig. 1). IFNy
demonstrated strong cubic trends, with a general decrease from preg-
nancy to late-pregnancy, an increase from late-pregnancy to 6 months
after-birth, followed by a decrease from 6 to 12 months after birth.

Pre-pregnancy BMI and Race-Other (i.e. not White or Hispanic) were
associated with IFNy at study entry only. Specifically, higher pre-
pregnancy BMI, fy; = 0.022, SE = 0.009, p = .011, and not being His-
panic or non-Hispanic White, fps = 0.265, SE = 0.115, p = .023, were
associated with higher IFNy at study entry.

Child sex was also associated with IFNy at study entry, fp9 = 0.022,
SE = 0.009, p = .011, such that being pregnant with a male fetus was
associated with higher IFNy at study entry. Child sex also interacted with
linear trends in IFNy over time, ;9 = 0.089, SE = 0.045, p = .048, but
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not quadratic or cubic trends in time, p’s > 0.136. As shown in Fig. 4,
being pregnant with a female fetus is associated with steeper increases in
IFNy slope, on average, from pregnancy to a year post-birth, compared
to being pregnant with a male fetus.

4. Discussion

The purpose of this study was to characterize inflammatory and
immune protein trajectories (IL-6, TNFa, IL-8, IL-10, and INFy) at six
times from early pregnancy (8-16 weeks) to one-year after birth, and
test whether sociodemographic characteristics, pregnancy, and health
factors were associated with those trajectories over time. Multilevel
models illustrate that there are differences in the trajectories of in-
flammatory and immune proteins over this period, with some proteins
demonstrating little or no change (IL-10) to proteins demonstrating
substantial fluctuations (IL-8, INFy) from pregnancy to a year post-birth.
Furthermore, although several factors were independently associated
with inflammatory and immune protein concentrations over this period
(notably parity, child sex, and pre-pregnancy BMI), specific patterns
varied by protein and sociodemographic, prenatal, or health variables
considered, as described below. In sum, these findings highlight the
complexity of pregnancy and postpartum immune and inflammatory
adaptations, and how sociodemographic, pregnancy, or health factors
may affect those adaptations.

Pregnancy is characterized as an immunomodulatory state, with
specific inflammatory activity depending on pregnancy stage or fetal
development [1]. Earlier (conception) and later (labor and delivery)
pregnancy are characterized by extensive tissue remodeling, and are
thus expected to be pro-inflammatory states [1]. In contrast, mid-
pregnancy is characterized by fetal growth and development, and a
shift towards an anti-inflammatory or Th2 dominance. Postpartum
processes are also characterized by tissue remodeling (lactation), wound
healing or recovery from pregnancy and labor and delivery, and sleep
deprivation [22,24], and so is also expected to be a pro-inflammatory

--e--Male

—e— Female

15
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15 20
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Fig. 4. Adjusted IFNy trajectories from study entry (8 to 16 weeks gestation) to one-year post-birth by child sex. The vertical, dashed line represents average timing

of labor and delivery.
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state. In general, this pattern is consistent with our findings and those of
others. Increases in pro-inflammatory cytokines, IL-6 and TNFa, were
observed from study entry (8 to 16 weeks gestation) to 6 months post-
partum, followed by decreases to a year post-birth, which is consistent
with many other studies [10,15,22-25,36] but not all[c.f.,25,56] .
Although not statistically significant at p < .05, a complementary but
opposite trend was observed for anti-inflammatory IL-10, with slight
decreases from pregnancy to 6-months postpartum, followed by a slight
increase to a year post-birth. Again, this is consistent with previous
research [15,19,24] increasing confidence in the result. Observed
changes in IL-8, a chemokine that recruits neutrophils to tissue to
facilitate inflammatory immune responses and tissue remodeling, are
also consistent with the immunomodulatory model of pregnancy and
postpartum tissue remodeling and post-labor and delivery recovery
[22,24]. Collectively, this pattern is consistent with the immunomodu-
latory model of pregnancy, with shifts from anti-inflammatory prepon-
derance mid-pregnancy to pro-inflammatory states through late
pregnancy and 6-months postpartum.

Finally, IFNy, a cytokine secreted by natural killer (NK) cells and Th1
cells involved in regulating innate and adaptive viral immunity,
decreased from study entry (8 to 16 weeks gestation) to late-pregnancy,
followed by increases up to 6 months postpartum, and another decrease
by one year post-birth. These trajectories are consistent with other
studies [15,25,26], but it is not clear if this pattern is consistent with the
immunomodulatory model of pregnancy. Although some researchers
propose that increases in IFNy mid-pregnancy indicates an up-regulation
of innate viral immunity to counter or compensate for down-regulation
of adaptive or cellular-mediate viral immunity (Thl) [25], IFNy also
plays a role in blocking Th2 cell activity [55], or the branch of the
adaptive immune system that counter-regulates Thl activity. Increased
concentration of an anti-Th2 cytokine mid-pregnancy may not be
consistent with the immunomodulatory model hypothesis that mid-
pregnancy is a predominately Th2 state. The immunomodulatory
model literature has not extensively considered IFNy, focusing instead
on Type 1 interferons (e.g. IFNa or IFNp) [1]. Nonetheless, additional
research is necessary to understand the role of IFNy during pregnancy,
and whether this is consistent with the immunomodulatory model.

Collectively, this pattern of findings highlights some important issues
in the current literature. First, it has been suggested that the immuno-
modulatory phases of pregnancy occur during discrete periods with, for
example, the Th2-dominant or anti-inflammatory period of pregnancy
occurring between 13 and 27 weeks gestation [1]. This window is not
necessarily supported by this or other research, which detected increases
in pro-inflammatory cytokines as early as 14 and 22 weeks gestation.
The various immunomodulatory phases of pregnancy might not occur
within specific windows, but instead could develop or shift gradually
and accumulate over pregnancy.

Second, methodological differences in timing, number of samplings,
and type of immune tissue accessed could affect the pattern detected.
Studies should collect at least three or more samples during pregnancy,
in order to capture the complex changes in inflammatory proteins.
Indeed, results from the LIFECODES birth cohort suggest that TNFa
could fluctuate several times over pregnancy, rather than steadily in-
crease [9,10]. And given that pregnancy-related changes in inflamma-
tory markers can persist up to 6 months postpartum, samples collected at
6 months postpartum or earlier should not be treated as a normative or
non-pregnancy comparison. Indeed, differences in postpartum sample
timing may be why IL-8 trajectories were described as U-shaped, as
opposite to fluctuating increases and decreases, in other studies [19,23].
Studies of spontaneous cytokine production by PBMCs are not compa-
rable to studies of peripheral cytokine concentrations, which also
include inflammatory proteins produced by non-immune tissues, such as
the placenta [57,58].

Third, this body of research suggests that care is needed when
inferring how pregnancy inflammatory markers are expected to relate to
adverse pregnancy outcomes. Researchers tend to frame “pro-
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inflammatory” activity during pregnancy as conferring increased risk for
adverse outcomes, such as preterm birth [1]. This and other research
suggests, however, that pregnancy stage at the time of sampling could
affect whether pro-inflammatory protein concentrations are considered
normal or not [1].

In addition to presenting levels over time and trajectories in immune
markers, the role of sociodemographic, pregnancy, and health factors
with respect to inflammatory protein trajectories was examined. Child
sex, pre-pregnancy BMI, and parity were consistently associated with
inflammatory protein levels and trajectories from pregnancy to one year
post-birth. Male sex was associated with higher concentrations of anti-
inflammatory IL-10 and pro-inflammatory TNFo at baseline and
change from pregnancy to a year post-birth. Male sex was also associated
with higher IFNy in pregnancy, and overall steeper increases in IFNy
from pregnancy to a year post-birth, compared to female sex. This is
consistent with a previous study that reported increased pro-
inflammatory cytokine levels in male pregnancies compared to female
pregnancies [43], possibly driven by stronger maternal immune re-
sponses to male fetuses.

Also, higher maternal pre-pregnancy BMI was associated with higher
concentrations of IFNy and IL-6 at study entry and change from preg-
nancy to a year post-birth. This is also consistent with previous research
[8,19,23,42], and possibly reflects a consistent pro-inflammatory in-
fluence of having more adipose tissue across pregnancy and the post-
partum period. Parity was also associated with similar pro-inflammatory
IL-6 and TNFa trajectories. Specifically, nulliparous women demon-
strated earlier and consistent increases in IL-6 and TNFo from mid-to
late-pregnancy compared to parous women. This is consistent with
previous research indicating immunological “pregnancy memory”
[1,40], and suggests that a nulliparous pregnancy could be immuno-
logically different from subsequent pregnancies.

Age, race/ethnicity and SES were also associated with inflammatory
markers and their trajectories, although a less consistent pattern
emerged across the inflammatory markers. Older age was associated
with higher IL-8 between study entry (8 to 16 weeks gestation) and a
year post-birth. Although this is consistent with an association between
older age and pro-inflammatory phenotype in a previous study [8], the
specific inflammatory markers associated with age differed between this
and that study. Differences by race/ethnicity were observed here. Not
being Hispanic or non-Hispanic White was associated with higher IFNy
between pregnancy and a year post-birth, and being Hispanic was
associated with higher IL-8 between pregnancy and a year post-birth.
The association between race/ethnicity and pregnancy and post-
partum inflammatory marker trajectories has not been well-explored,
and although these findings suggest racial/ethnic differences in sys-
temic inflammatory markers could occur, additional research is neces-
sary to understand these patterns and their implications. Finally, lower
SES was associated with steeper increases in pro-inflammatory IL-6
between pregnancy and a year post-birth, which is also consistent with
previous studies [37-39]. Of interest, although half the sample reported
having an infection during pregnancy, infection status was not associ-
ated with inflammatory protein levels or trajectories. It is possible that
infections produce acute “spikes” in inflammatory protein levels that
might not be captured in trajectories over time. It is also possible that no
effect was detected because our data were not able to differentiate be-
tween acute or chronic infections, moderate or severe infections, or
differences in infection onset or infection resolution. Future research
should test whether these nuanced aspects of infection are associated
with inflammatory protein trajectories. In sum, several sociodemo-
graphic, pregnancy, and health variables — particularly child sex, parity,
pre-pregnancy BMI - are associated with inflammatory protein concen-
trations during pregnancy and between pregnancy and a year post-birth,
but the specific patterns varied depending on inflammatory protein.
Again, this speaks to the complexity of immunological adaptations
during pregnancy, and how other factors could affect those adaptations.

A strength of these findings is the longitudinal design with a
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sufficient sample size at all time points to test the research questions. In
addition, the sample is composed of women from two health care set-
tings and they are not uniformly middle class or White in race/ethnicity.
However, although these findings are generally consistent with previous
research, this sample was not recruited to be representative of the US
population, and it is possible that inflammatory protein trajectories
could vary depending on sample composition, particularly with respect
to participant sociodemographic characteristics, such as race/ethnicity
or SES, which were associated with inflammatory protein trajectories
here. In addition, no study was found that examined prenatal and
postpartum inflammatory protein trajectories in participants from a
non-Western country, and it is not known whether these patterns
represent global patterns. Another limitation is that, although these
findings reflect systematic changes in peripheral inflammatory marker
concentrations over pregnancy and through one year after birth, they
cannot be generalized to other immune tissues (e.g. PBMCs, maternal-
fetal interface).

In conclusion, inflammatory and immune proteins demonstrate
changes in peripheral concentrations from pregnancy to a year post-
birth, and the nature of these changes varies by which inflammatory
protein is considered. Overall, these trajectories in inflammatory protein
are consistent with the immunomodulatory model of pregnancy. Several
variables, including parity, pre-pregnancy BMI, and child sex, are
associated with differences in inflammatory and/or immune protein
levels and trajectories, and patterns differ by which variable and protein
are considered. These findings highlight the complex, systemic immu-
nological adaptations that occur during pregnancy and the postpartum
period, and suggest that closer examination of the interaction between a
wide variety of variables and immune markers is warranted to develop a
complete picture of the role of the immune system in pregnancy and
birth.
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