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Abstract

Context: Polycystic ovary syndrome (PCOS) is a common endocrine disorder associated
with low-grade inflammation and increased incidence of pregnancy complications, but
its influence on the maternal immune system in pregnancy is unknown. Longitudinal
serum cytokine profiling is a sensitive measure of the complex immunological dynamics
of pregnancy.

Objective: This work aimed to determine the immunological dynamics of serum
cytokines throughout pregnancy in women with PCOS and compare it to pregnancy in
women without PCOS.
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Methods: A post hoc analysis was conducted of longitudinal serum samples from
2 randomized, placebo-controlled multicenter studies of pregnant women with PCOS
and 2 studies of pregnant women without PCOS. Pregnant women with PCOS (n = 358)
and without PCOS (n = 258, controls) provided 1752 serum samples from 4 time points in
pregnancy (weeks 10, 19, 32, and 36). Main outcome measures included maternal serum
levels of 22 cytokines and C-reactive protein (CRP) at 4 time points in pregnancy.
Results: Women with PCOS showed marked immunological changes in serum cytokines
throughout pregnancy. Compared to controls, women with PCOS showed higher levels
of 17 cytokines and CRP at week 10 of pregnancy and a distinct cytokine development
throughout pregnancy. The immunological dynamics in women with PCOS was
significantly affected by maternal body mass index, smoking, and fetal sex.

Conclusion: Pregnancy in women with PCOS was associated with a strong early
mobilization of inflammatory and other serum cytokines persisting throughout
pregnancy, indicating a more activated immune status. These findings provide a novel

basis for further study of PCOS and pregnancy complications.
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Polycystic ovary syndrome (PCOS) is a common endo-
crine disorder, affecting up to 17% of women of fertile
age (1, 2). The pathogenesis of PCOS is multifactorial,
involving both genetics and the intrauterine environment,
while lifestyle factors can worsen the clinical presenta-
tions (3). The disorder is diagnosed based on the presence
of hyperandrogenism, oligoovulation or anovulation, and
polycystic ovarian morphology according to the Rotterdam
criteria (4). Other features associated with PCOS are
obesity, insulin resistance, and hypertensive disorders.
PCOS is considered a low-grade inflammatory condition
(5). The syndrome is associated with higher circulating
levels of C-reactive protein (CRP) (6), interleukin (IL)-6 (7),
IL-18 (8), tumor necrosis factor (TNF)-a (9) and mono-
cyte chemotactic protein (MCP)-1 (10), and lower levels
of IL-10 (11). Women with PCOS have a 15-fold increase
in infertility, and fertility treatment is commonly used to
achieve pregnancy (12). During pregnancy, women with
PCOS have an increased risk of complications such as ges-
tational diabetes mellitus (GDM), preeclampsia, and pre-
term birth regardless of body weight (13-15). A previous
study has reported elevated levels of the inflammatory
markers CRP, white blood cells, and ferritin during preg-
nancy in women with PCOS (16). However, studies in large
cohorts are needed to determine how PCOS affects the im-
mune system in pregnancy, and how these effects relate to
the observed increase in pregnancy complications.
Pregnancy is a complex and dynamic immuno-
logical state, and the immune system plays a key role in
orchestrating the stages of normal gestation from implant-
ation to parturition. Women experiencing pregnancy com-
plications show deviating immune activity, reflected in
abnormal levels of signaling molecules such as cytokines

and CRP, compared to women with normal pregnan-
cies (17-20). Cytokines act in intertwined networks and
investigating single cytokines does not fully reflect the
complex biological processes of pregnancy. Multivariate
analyses can model development of several cytokines simul-
taneously, while taking interactions between cytokines into
account, as an overall measure of immunological status. We
have previously shown that multivariate cytokine patterns
sensitively mirror the immune activity during normal preg-
nancies and identify disease-related immunological changes
(20, 21).

The deviant immune status of women with PCOS before
pregnancy is likely to persist into pregnancy and affect the
delicate dynamics of the maternal immune system during
gestation. Whether such immunological changes contribute
to the increased rate of pregnancy complications in women
with PCOS needs to be explored. The aim of the present
study was to determine the development of the serum cyto-
kine pattern throughout pregnancy in women with PCOS
and compare it to pregnancy in women without PCOS. We
also assessed the influence of key maternal and fetal char-
acteristics on the maternal serum cytokines in women with
PCOS. Improved understanding of the immunological dy-
namics throughout pregnancy in women with PCOS may
facilitate preventive measures, detection, and treatment of
pregnancy complications in this group.

Materials and Methods
Study Population and Serum Samples

Serum samples from 2 cohorts of pregnant women with
PCOS and 2 cohorts of women without PCOS and with
normal pregnancies (hereafter referred to as controls)
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were included in this study. The PCOS group was in-
cluded from the placebo groups of the 2 related studies
PregMet and PregMet2 (22, 23). These were randomized,
placebo-controlled, multicenter studies designed to deter-
mine whether metformin could reduce pregnancy compli-
cations in women diagnosed with PCOS according to the
Rotterdam criteria (4). Women with no known inflamma-
tory comorbidities such as rheumatoid arthritis, systemic
lupus erythematosus, and inflammatory bowel disease
were selected and serum was sampled after an overnight
fast at weeks 10, 19, 32, and 36 of pregnancy. Controls
with normal pregnancies were selected from the Training
in Pregnancy (TRIP) study (24) and the NormalFlow study
(24). The TRIP study randomly assigned pregnant women
to a 12-week exercise program or standard antenatal care.
Women without hypertensive or inflammatory conditions
or pregnancy complications from the standard antenatal
care group were selected for the present study if they had
provided serum samples after an overnight fast at weeks
18 to 22 and 32 to 36 of pregnancy. The NormalFlow
study included healthy pregnant women and aimed to con-
struct a reference curve for blood flow in the uterine artery
during the first half of pregnancy. Women with nonfasting
serum samples taken at weeks 10 and 19 of pregnancy
were selected. The serum samples from all 4 studies were
drawn from the antecubital vein in nonheparinized tubes
and stored at —80 °C before analyses.

The studies were approved by the regional committee for
medical and health research ethics (REC) (PregMet: REC
No. 145.04; PregMet2: REC No. 2011/1434; TRIP: REC
No. 4.2007.81; and NormalFlow: REC No. 4.2008.841).
Further details about study-specific criteria and sampling
are found in the respective original study reports (22-25).

Serum Measurements

All serum samples were analyzed for 27 cytokines
(Bio-Plex Pro Human Cytokine 27-plex Assay, catalog
No. M500KCAF0Y, RRID:AB_2893118) in single repli-
cate using Luminex xMAP Technology on a Bio-Plex 200
System (Bio-Rad Laboratories). The serum samples were
analyzed on a total of 59 plates in 3 separate batches:
1) PregMet and NormalFlow (lot No. 64075155), 2) TRIP
(lot No. 64292035), and 3) PregMet2 (lot No. 64211339).
The manufacturer’s protocol was followed with the recom-
mended concentration of reagents and serum, but in reduced
volume, either 1:2.5 (PregMet, PregMet2,and NormalFlow)
or 1:2 (TRIP), as in other large-scale cytokine studies (20,
21). The serum cytokine data from the NormalFlow study
have been included in a previous publication (21). All
serum samples were analyzed for high-sensitivity CRP by
enzyme-linked immunoassays (Human CRP Quantikine

kit catalog No. DCRP000, RRID:AB_2893119, R&D
Technologies) for the PregMet and NormalFlow studies,
and by turbidimetric assay and measured at 571 nm by a
Siemens Advia Chemistry XPT system at the Department of
Clinical Chemistry at St. Olavs Hospital for the PregMet2
and TRIP studies. The comparability of the 2 methods has
been validated at the Department of Clinical Chemistry at
St. Olavs Hospital.

Data Processing

The cytokine levels were adjusted before analyses in
a 2-step process to account for possible variations in-
duced by different study cohorts, batches, and plates
(Supplementary data, Adjustment of batch and plate ef-
fects) (26). Briefly, the first step adjusted for cytokine assay
inter-lot variation, and the second step adjusted for cyto-
kine assay intra-lot variation. Cytokine values below the
lower limit of detection were imputed using robust estima-
tion by the zCompositions package in R (27) and values
above the upper limit of detection (ULOD) were replaced
by the ULOD value. Cytokines with more than 25% of
values outside the limits of quantification were excluded
to avoid biased results from a high fraction of imputed
values (Supplementary Table 1) (26). The remaining cyto-
kines were divided into 4 groups by main function: (1)
inflammatory cytokines, (2) anti-inflammatory cytokines,
(3) growth and colony-stimulating cytokines (hereafter
called growth factors), and (4) chemokines. CRP was
presented with the inflammatory cytokines. Women with
outlier cytokine values were identified by visual inspec-
tion of score plots from principal component analyses of
all included samples in each separate cohort. The samples
were classified as first (< 98 days), second (98-196 days)
or third trimester (> 196 days) based on gestational age at
sampling.

Statistical Analyses

Study population characteristics and cytokine and CRP
data were tested for normality using visual inspections
of quantile-quantile-plots. Normally distributed data
are reported as mean (x SD), nonnormal data as median
(interquartile range) and categorical variables as numbers
(percentages).

The development of each cytokine and CRP throughout
pregnancy in women with PCOS was assessed in 3 ways.
First, the continuous development of each cytokine and
CRP was estimated with generalized additive mixed models
(GAMMs) where gestational age in days and study cohort
were used as fixed effects, and individual as random inter-
cepts using the gamm4 package in R (28). The GAMM
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trajectories were displayed as relative change in concentra-
tion with increasing gestational age. Estimation of robust-
ness of the GAMMSs were performed by jackknifing where
the trajectories were reestimated 50 times with 80% of the
participants drawn at random each time. The correlation
between the 50 trajectories was calculated using Spearman
rank correlation, and the model was considered reliable if
the mean correlation of the estimated trajectories gave a rho
value (p) greater than or equal to 0.9. Second, linear mixed
models (LMMs) were used to explore the development and
significant changes in cytokine and CRP levels by trimester.
LMMs were performed with log-transformed cytokine
and CRP concentrations as response variables, trimester
and study cohort as fixed effects, and individual specific
random intercepts using the Ime4 package in R (29). First
trimester was used as reference level. The possible influence
of body mass index (BMI), fetal sex, smoking status, parity,
maternal age, and gestational weight gain on the cytokine
development was tested in separate models with these fac-
tors as fixed variables, and the main effect of each clinical
variable was evaluated. Gestational weight gain was cat-
egorized as small gain, normal gain, and large gain relative
to early pregnancy BMI (30). Third, the recently developed
multivariate statistical method called repeated-measures
analysis of variance simultaneous component analysis
(RM-ASCA+) was used to display the overall longitudinal
cytokine pattern throughout pregnancy (31) using the
ALASCA package in R (32). In brief, RM-ASCA+ is based
on principal component analysis of effect matrices from
the LMM analyses of individual variables. Normalization
of cytokine values was performed before analysis by first
subtracting the mean and then dividing by the SD for each
cytokine and CRP within each study cohort (33). Again,
the underlying LMM was performed with log-transformed
cytokine and CRP concentrations as response variables,
trimester and study cohort as fixed effects, and individual
specific random intercepts. RM-ASCA+ can also visualize
differences between groups, and the possible influence of
BMI, fetal sex, smoking status, parity, maternal age, and
gestational weight gain on the longitudinal cytokine pat-
tern was explored. For the assessment of BMI, women
were grouped as normal weight (< 24.9), overweight (25.0-
29.9), and obese (= 30) (34). Estimations of robustness of
the RM-ASCA+ results were performed by jackknifing with
7-fold random subsets cross-validation with 50 iterations.
The 2.5th and 97.5th percentiles from the jackknifing es-
timations make out the error bars on both the loading and
scores plots.

Spearman rank correlation coefficients between
cytokines were calculated within trimesters using log-
transformed cytokine values.

Comparison of cytokine levels at study inclusion be-
tween pregnant women with PCOS and controls from the
same batch was performed with Mann-Whitney U test. The
study cohorts with samples from late pregnancy were ana-
lyzed in different batches, making it impossible to separate
batch effects from group differences at these time points.
Therefore, the relative cytokine development in women
with PCOS and controls were compared by assessing dif-
ferences in log2 fold change in defined time intervals within
the PCOS and control group before comparing the results by
Mann-Whitney U test. Orthogonalized partial least squares
discriminant analysis (PLS-DA) (35) based on the log2 fold-
change values were used to explore differences in overall
cytokine patterns between the 2 groups using the PLS_
toolbox 8.9 (Eigenvector Research) in MATLAB 2020a
(36). The log2 cytokine and CRP values were autoscaled
before analysis. The resulting orthogonalized PLS-DA clas-
sification models were evaluated by double cross-validation
by which a model was built on training data (90% of the
included women) and used to predict independent test sam-
ples (the remaining 10%). The optimal number of latent
variables included in the model was determined by cross-
validation of the training data. Both the inner and the outer
model were repeated 20 times and the median sensitivity,
specificity, and accuracy of the classification were calcu-
lated. The statistical significance of the model was tested by
permutation testing (n = 1000 permutations).

Correction for multiple testing was performed using
the Benjamini-Hochberg procedure. P less than or equal to
.05 was considered statistically significant. Except for the
PLS-DA, all analyses were performed in R (37) and visual-
izations were prepared with the ggplot2 package (38).

Results

Characteristics of the Study Populations and
Cytokine Measurements

Two women were excluded because of extreme cytokine
outlier values (Supplementary Fig. 1) (26), leaving a total
of 1275 serum samples from 358 pregnant women with
PCOS and 477 serum samples from 258 pregnant control
women without PCOS for analysis. The pregnant women
with PCOS had significantly higher BMI and blood pres-
sure at study inclusion and were more often nulliparous
compared to controls (Table 1). A total of 157 (44%) of
the women with PCOS experienced one or more pregnancy
complications, the most common being GDM (see Table 1).

The majority of the cytokines were reliably measured in
serum throughout pregnancy, but IL-5, IL-10, interferon-vy,
vascular endothelial growth factor, and RANTES were

Z20z fienuer g uo Jasn [e10os pepunbeg A pnjes ap [euoioeN eos101qig Aq ZE L L ZE9/6E/L/201/2191de/wadl/woo dno-oiwspese//:sdny wolj papeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 1 43

excluded because of high incidence of nondetectable values
(Supplementary Table 1) (26).

Serum Cytokine and C-Reactive Protein Levels
Throughout Pregnancy in Women with Polycystic
Ovary Syndrome

Of the 22 detectable serum cytokines in pregnancies of
women with PCOS, 11 displayed the highest concentration
in the first trimester and 7 in the third trimester, while only
CRP showed highest levels in the second trimester (see Fig.
1). IL-8 showed the greatest relative increase and eotaxin
the greatest relative decrease throughout pregnancy, while
IL-12, TNF-a, granulocyte-colony stimulating factor

Table 1. Characteristics of study populations and study

visits
Women with Controls P
PCOS (n=358) (n=258)

Age,y 29.7+4.3 29.3+4.4 325
BMI at inclusion ~ 26.8 (23.3-31.2)  23.7 (22.0-26.0)**  .001
Diastolic B, mm 72£9 69 = 8 .001

Hg
Systolic BP, mm Hg 114 = 12 111 = 10* .001
Nullipara, n (%) 198 (55) 143 (56)* 872
Smoking, n (%) 22 (6)! 12 (5) .614
Gestational age 275 + 217 280 = 9* .001

birth, d
Birth weight, g 3495 + 6751 3557 = 4707 188
Fetal sex male,n (%) 180 (50)! 125 (50)® .985
Women with 157 (44) -

pregnancy

complications,

n (%)
Preeclampsia 21 (6)
Gestational dia- 128 (35)

betes
Hypertension 16 (4)
Preterm birth 27 (7)
Late miscarriage 5(1)
Gestational age at study visit, d
Inclusion wk 10 75 =11 756 .646
Wk 19 133 =6 135 =8 .011
Wk 32 225§ 227 «7 .067
Wk 36 254 =5 251 «10 .027

Data are reported as mean +SD”, median (quartiles)”, and number
(percentage)”, where m is the number of missing data points. Smoking
status was registered at inclusion to the study. P values were calculated with
independent-samples ¢ test for normally distributed data, Mann-Whitney U
test for nonparametric data, and chi-square test for categorical variables.
Hypertension includes previous and gestational hypertension. Controls indi-
cate women without PCOS with normal pregnancies. Significant P values are
highlighted in bold.

Abbreviations: BMI, body mass index; BP, blood pressure; PCOS, polycystic
ovary syndrome.

(G-CSF), and macrophage-inflammatory protein (MIP)-1f3
showed no significant change during gestation (Fig. 1B).
The inflammatory cytokines appeared with a dual devel-
opment: The potent IL-1f3, IL-6, and IL-8 steadily increased
toward term, whereas IL-15 and IL-17 steadily decreased
(Fig. 1A). A similar development for the anti-inflamma-
tory cytokines showed increasing levels of IL-1 receptor
antagonist (Ra) and IL-13 during gestation, whereas IL-4
and IL-9 decreased. Among the chemokines, eotaxin and
MCP-1 decreased during gestation, while interferon-y—
induced protein (IP)-10 and MIP-1a displayed highest
serum levels toward term. The growth factors generally dis-
played the highest concentration in the first trimester before
decreasing toward term (see Fig. 1A). Fig. 1C displays the
overall cytokine development, confirming the 2 main de-
velopmental trends throughout pregnancy in women with
PCOS: 1) decreasing concentrations from implantation to-
ward term, highly influenced by eotaxin; and 2) increased
immune activity in the first and third trimester with the
strongest impact from IL-13 and IP-10. Similar cytokine
developments were seen when the women with PCOS with
pregnancy complications were excluded (data not shown).

The correlations between the cytokines were largely con-
sistent in all 3 trimesters (Fig. 2 and Supplementary Fig.
2) (26). The cytokines were mainly positively correlated, with
the highest number of positive correlations in the first trimester
(82%), and the highest number of negative correlations in the
third trimester (6%). The inflammatory cytokines showed the
highest within-group correlation (5 = 0.5), while the within-
group correlation was considerably lower for the anti-inflam-
matory cytokines (p = 0.18), growth factors (p = 0.21), and
chemokines (p = 0.21). CRP levels were only weakly correl-
ated with cytokine levels, and strongest with IL-1Ra in the
first and second (p = 0.25 and 0.28, respectively) trimester,
and IL-6 in the third (p = 0.29) trimester (all P values <.001)
(see Fig. 2 and Supplementary Fig. 2) (26).

Serum Cytokine Patterns in Pregnant Women
With Polycystic Ovary Syndrome Compared to
Pregnant Controls

The absolute cytokine levels were compared between women
with PCOS and controls in week 10 of pregnancy (Table 2).
Strikingly, 17 out of 22 cytokines and CRP were detected at
significantly higher levels in serum samples of women with
PCOS, including 7 out of 8 inflammatory cytokines. IL-1{,
IL-2,IL-7,1L-12,1L-17, and basic fibroblastic growth factor
(FGF-b) were more than 50% higher than in controls. IL-12
differed the most, with 4 times higher serum levels in PCOS
as in controls. To control for the effect of pregnancy com-
plications and BMI when comparing women with PCOS to
controls, the comparisons were repeated with 2 subgroups
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Figure 1. Development of serum cytokine and CRP concentrations throughout pregnancy in women with PCOS. Cytokines are grouped according
to main function. A, Trajectories from generalized additive mixed models displaying the relative development of cytokine and CRP concentrations in
maternal serum throughout pregnancy in women with PCOS. Limits for the 3 trimesters are marked vertically with dotted lines. IL-17, G-CSF, GM-CSF,
and TNFa are excluded from Fig. 1A because the gestational development could not be robustly modeled. B, Change in maternal log-transformed
cytokine (pg/mL) and CRP (ug/mL) levels by trimester from univariate linear mixed models in pregnancies of women with PCOS. Pvalues are adjusted
using the Benjamini-Hochberg procedure. Asterisks indicate significant change from the first trimester. *P less than .05; **P less than .01; and ***P
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of women with PCOS. For women with PCOS and without
pregnancy complications, IL-6, IL-1Ra, MCP-1, and CRP
did no longer differ, and for nonobese (BMI < 30) women
with PCOS, IL-2, IL-6, IL-1Ra, MCP-1, and CRP no longer
differed from controls during week 10 (see Table 2).

The serum cytokines were further assessed for relative
serum cytokine development throughout pregnancy in
women with PCOS and pregnant controls (Table 3). Of the
17 cytokines with higher serum levels in pregnant women
with PCOS in week 10 (see Table 2), IL-8, TNF-a, IL-1Ra,
MCP-1, and platelet-derived growth factor (PDGF)-BB
showed a strengthened association to PCOS throughout
pregnancy either by stronger continued increase or less re-
duction over time compared to controls (see Table 3). In add-
ition, IL-4, IL-7, G-CSE, FGF-b, eotaxin, and IP-10 showed
different relative developments in pregnancy in women with
PCOS compared to controls (see Table 3). The overall serum
cytokine profile in women with PCOS could be separated
from controls with a classification accuracy of 62% to 70%
at all time intervals (all P values <.001) (see Table 3). The
high classification accuracy indicates substantial and per-
sistent differences in relative cytokine development in preg-
nancy between women with and without PCOS (see Table
3 and Supplementary Fig. 3) (26). Similar classification re-
sults were found for comparisons between controls and the
women with PCOS and without pregnancy complications
and the nonobese women with PCOS (data not shown).
In the univariate cytokine development comparisons, 1L-4,
IL-7, G-CSE, FGF-b, eotaxin, and IP-10 no longer differed
for the women with PCOS and without pregnancy compli-
cations, while only minor changes were shown for compari-
sons with the nonobese women with PCOS (see Table 3).

The Influence of Key Clinical Parameters on
the Maternal Immune System in Pregnancy in
Women with Polycystic Ovary Syndrome

Parameters considered important for development and
outcome of pregnancy were investigated for impact on
the longitudinal cytokine pattern of pregnant women with
PCOS by RM-ASCA+ analyses (Fig. 3). The trajectories
for the defined reference groups can be found elsewhere
(Supplementary Fig. 4) (26). Both obesity and overweight
showed a pronounced effect on the serum cytokine patterns
(Fig. 3A). Obese women presented with a distinct serum

Figure 1: continued

cytokine pattern characterized by higher levels of IL-1Ra,
CRP, MIP-1q, IL-6, and G-CSF compared to overweight
women, who in turn had higher levels of the same cyto-
kines compared to normal-weight women. The influence
of BMI on the maternal immune system was further sup-
ported by univariate LMM models showing significantly
increased levels of CRP (P <.001),IL-6 (P =.017),IL-1Ra
(P <.001), MIP-1a. (P <.005), and IP-10 (P =.037) with
increasing BMI in pregnancy (Supplementary Fig. 5A) (26).
Importantly, although BMI markedly affected these specific
serum cytokines, the differences in cytokine levels between
women with PCOS and controls at week 10 persisted when
the obese women with PCOS were excluded (data not
shown). Women with PCOS with a male fetus displayed
a distinct serum cytokine pattern characterized by higher
levels of IL-2, MCP-1, FGF-b, IL-7,and IL-1Ra compared to
women with female fetuses in the first and second trimester
(Fig. 3B). Additionally, smoking showed a prominent influ-
ence on the serum cytokine patterns in pregnant women
with PCOS (Fig. 3C). Maternal smoking was reflected by
lower levels of the inflammatory cytokines TNF-a,, IL-12,
and IL-6 and the chemokine IP-10, and higher levels of
anti-inflammatory 1L-4 and the chemokines eotaxin and
MCP-1. These smoking-associated changes were ap-
parent from the first trimester and increased throughout
the pregnancy. A similar assessment with RM-ASCA+ of
whether parity (nullipara or multipara) (Fig. 3D), maternal
age (< 25 years, 25-35 years, or > 35 years) or gestational
weight gain during pregnancy (data not shown) influ-
enced the serum cytokine patterns in pregnancy in women
with PCOS showed no apparent effects. Univariate LMM
analyses did not detect any significant differences related
to fetal sex, smoking, parity, maternal age or gestational
weight gain (Supplementary Fig. 5B-5G) (26). Assessment
of the impact of clinical parameters on the cytokine pat-
terns in the subgroup of women with PCOS without preg-
nancy complications showed similar results, except for a
less prominent influence from fetal sex, and BMI was no
longer associated with the changes in IL-6, MIP-1a, or
IP-10 in Supplementary Fig. SA (data not shown) (26).

Discussion

This study provides the first extensive characterization of
serum cytokine dynamics throughout pregnancy in women

less than .001. C, Trajectories from multivariate RM-ASCA+ analyses compressing all cytokine developments by trimester into single variables called
principal components (PCs). PC1 and PC2 explain most of the variation in cytokine development. A high PC score indicates higher concentrations of
the cytokines with positive loadings and lower concentrations of the cytokines with negative loadings in the loadings score plot and vice versa.The
vertical lines represent the error bars. CRP, C-reactive protein; FGF-b, basic fibroblastic growth factor; G-CSF, granulocyte colony-stimulating factor;
GM, granulocyte macrophage; IL, interleukin; IP, interferon-y—induced protein; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory
protein; PCOS, polycystic ovary syndrome; PDGF, platelet-derived growth factor; Ra, receptor antagonist; RM-ASCA+, repeated-measures analysis of

variance simultaneous component analysis; TNF, tumor necrosis factor.

Z20z fienuer g uo Jasn [e10os pepunbeg A pnjes ap [euoioeN eos101qig Aq ZE L L ZE9/6E/L/201/2191de/wadl/woo dno-oiwspese//:sdny wolj papeojumoq



46 The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 1

TNF-a04 .36 36 .17 .3 .33 23 .31 42 19 29 5 .41 .28 .32 4 55 51 48 38 45 4 .
1L-17 4 1582 -16 28 57 41 62 .58 43 69 69 39 22 61 58 61 .43 .67. 4
|L-15 23 62 -19 .37 .35 23 .56 .44 -.16 44 48 75 32 33 [ 61 .56 .59..67 45
IL-124 21 34 B 17 .14 R2800 2 48 35 . 35 53 49 4 ..59 43 38
IL-8 4 .19 61 3 45 35 52 52 42 54 49 34 32 57. 4 56 61 48
IL-64 4 57 38 33 43 56 5 36 59 56 3229 3 .52..57 49 61 58 51
|L-2 - 28 54 34 34 23 48 49 57 52 59 .25 .39..52 51 53 .76 61 .55
IL-1B 432 21 .27 67 28 .12 ..39 3 32 35 33 22 [ Spearman's
CRP A 21 ; 18 29
PDGF-BB 4 .19 -39 13 26 . 18 .12 (125 SERENEE .32 S8l 32 JI— 1.0
GM-CSF ~ Bl -36 42 33 . 23 .54..32 28 59 56 49 42 75 69 28 05
G-CSF .25 62 -13 3 45 . .38..54 29).16 23 52 59 54 35 48 69 .41
FGF-b - 33 29 27 29 21 ST 43 57 36 42 48 44 43 5 0.0
|L-7 4 25 55 24 37 2 29
MIP-1B - 26 -19 69 .15 18 -16 19 -05
MIP-1a -4 29 46 23§29 . 24 17 23 49 5 52 32 44 58 42 -
MCP-14 .17 .7 -34 14].58 .41 ..43 -26}- 36 48 56 52 29 56 62 .31 -1.0
IP-10 e)-21 .12 A37.A41 4 29 21 23 43 35 14 23 41 23
Eotaxin 4 7 : 26 .34 .33 451 .17 .35 Sl .33
IL-13425 3 .15 : 13 67 34 38 3 35 37 28 3
IL-942 -2 .45 : 27 -19-16 17
1L-4 1 . -2 3. 39 21 54 57 61 .34 62 82 .36
||__1Ra- 2 s 19 21 132 28 BN 19 21 23 .15 58
T T T T T T T T T T T T T T
Tt O™ C MO @NO©WNLWN~D
1233 SRR AR
LT g0=T T =22k
w a
o

Figure 2. Spearman rank correlation coefficients between cytokines within the third trimester in women with PCOS. Log-transformed cytokine values
were used. Dark blue indicates a strong positive correlation, dark red indicates a strong negative correlation, and white indicates no correlation. Rho

values are displayed in the figure tiles for correlations that remained significant after adjusting for multiple testing using the Benjamini-Hochberg
procedure.The cytokines are grouped in bold squares by main function. CRP, C-reactive protein; FGF-b, basic fibroblastic growth factor; G-CSF, gran-
ulocyte colony-stimulating factor; GM, granulocyte macrophage; IL, interleukin; IF, interferon-y-induced protein; MCP, monocyte chemotactic protein;
MIP, macrophage inflammatory protein; PCOS, polycystic ovary syndrome; PDGF, platelet-derived growth factor; Ra, receptor antagonist; TNF, tumor

necrosis factor.

with PCOS. Women with PCOS showed marked changes
in serum cytokines throughout pregnancy, with high im-
munological activation in the first and third trimesters.
Compared to controls, women with PCOS showed higher
levels of most cytokines in the first trimester, with a strong
contribution from inflammatory cytokines. The relative
cytokine development was also different in women with
PCOS compared to controls, particularly influenced by
IL-1Ra, IL-8, TNF-a, MCP-1, and PDGF-BB. Maternal
BMI, smoking, and fetal sex induced distinct changes in
the serum cytokine pattern in pregnant women with PCOS,
whereas no apparent changes were induced by parity, ma-
ternal age, or gestational weight gain.

To our knowledge, no prior study has compared ab-
solute cytokine levels or relative cytokine development in
pregnancy in women with PCOS and controls. The strong
increase in baseline levels of a broad selection of serum
cytokines compared to controls indicate markedly higher
systemic immunological activity already in early pregnancy
in women with PCOS. A prominent inflammatory char-
acter was apparent by coordinated involvement of IL-1f3,

IL-2,1L-6,1L-12, and CRP in early pregnancy and IL-8 and
TNF-a in all trimesters in women with PCOS. Interestingly,
the additional strong association with other multifunc-
tional cytokines of anti-inflammatory, chemotactic, and
growth factor characteristics points to a complex immune
regulation in women with PCOS. Combined assessment of
the cytokines allowed for sensitive separation of women
with PCOS from controls in all trimesters, demonstrating
the value of a multicytokine approach. Importantly, the
cytokine pattern in women with PCOS was shown to be
independent of pregnancy complications in these women,
confirming the existence of a baseline state of elevated im-
mune mobilization unique to pregnant women with PCOS.
Still, the important immunological milestones of normal
pregnancy could be recognized (39, 40). The first trimester
was characterized by high concentrations of growth factors,
chemokines, and inflammatory cytokines, reflecting the
critical immunological processes of implantation and pla-
cental development. Most cytokines decreased or remained
stable in concentration from the first to the second tri-
mester, in agreement with the less activated immunological
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Table 2. Comparison of absolute cytokine and C-reactive protein levels between pregnant women with polycystic ovary
syndrome and controls in week 10 of pregnancy

Cytokine Women with PCOS (n = 125) Controls (n =110) Levels in PCOS compared to controls P
Inflammatory cytokines
CRP 8 (2.4-8.5) 2 (1.4-7.0) 1.48 .026%"
IL-1B 9 (0.8-1.2) 6 (0.4-0.8) 1.58 <.001
IL-2 6(2.3-9.5) 9 (0.6-7.5) 1.55 .026"
IL-6 8 (2.2-3.4) 4(1.9-2.4) 1.19 0212
1L-8 13 9 (12.0-16.3) 10 7 (9.1-13.2) 1.30 <.001
IL-12 1(0.9-3.8) 5(0.3-1.8) 4.32 <.001
IL-15 127 1(78.9-224.4) 114 3(67.0-191.2) 1.11 395
IL-17 1(7.0-11.4) 4(2.7-6.6) 2.08 <.001
TNF-a 54 7 (47.7-63.5) 43 O (36.3-49.8) 1.28 <.001
Anti-inflammatory cytokines
IL-1Ra 266 3 (168.5-388.1) 196 7 (113.7-369.7) 1.35 .026%
1L-4 7 (1.5-2.0) 2 (0.8-1.6) 1.44 <.001
1L-9 252 6 (217.9-290.5) 203 2 (147.5-249.9) 1.24 <.001
IL-13 2 (4.1-6.5) 0(3.3-5.3) 1.29 <.001
Chemokines
Eotaxin 86.8 (73.6-113.4) 91.1 (69.2-131.2) 0.95 .969
1IP-10 1243.6 (998.4-1538.3) 1342.0 (1079.9-1686.0) 0.93 151
MCP-1 104 8(92.2-121.2) 98 7 (87.1-112.5) 1.06 .0414¢
MIP-10: 1(2.7-3.7) 2(1.8-2.5) 1.42 <.001
MIP-1B 137 2 (108.6-167.6) 130 7 (91.4-160.0) 1.08 222
Growth factors
IL-7 9 (3.2-10.7) 3.2 (1.3-6.1) 1.85 <.001
FGF-b 17. 7 (12.4-25.0) 8.1 (4.1-13.4) 2.19 <.001
G-CSF 136 6 (117.7-152.9) 113.6 (95.9-131.2) 1.20 <.001
GM-CSF 0(3.6-7.3) 4.19 (2.8-7.6) 1.19 159
PDGEF-BB 5221 7 (4453.6-5851.8) 3988.29 (2970.9-4645.0) 1.31 .001

Comparison of cytokine (pg/mL) and CRP (pg/mL) levels between women with PCOS and controls at week 10 (study inclusion visit) in pregnancy displayed as
median (interquartile range) and levels in women with PCOS compared to controls. Comparison was performed with Mann-Whitney U test and the P values were
adjusted using the Benjamini-Hochberg procedure. Significant P values are highlighted in bold. Controls indicate women without PCOS with normal pregnancies.
Abbreviations: CRP, C-reactive protein; FGF-b, basic fibroblastic growth factor; G-CSF, granulocyte colony-stimulating factor; GM, granulocyte macrophage; IL,
interleukin; IP, interferon-y—induced protein; MCP, monocyte chemotactic protein; PCOS, polycystic ovary syndrome; PDGE, platelet-derived growth factor; Ra,
receptor antagonist; TNFE, tumor necrosis factor.

“Comparisons no longer significantly different between women with PCOS and controls when the women with PCOS and pregnancy complications were excluded.

bComparisons no longer significantly different between women with PCOS and controls when the obese women were excluded, making the mean body mass index

in the PCOS and control group comparable.

state of the second trimester, a period facilitating rapid fetal
growth. The immune activity markedly increased toward
delivery with increased levels of both potent inflammatory
cytokines and modulating anti-inflammatory cytokines.
The distinct serum cytokine profile of pregnant women
with PCOS includes cytokines that may affect the develop-
ment of pregnancy. As revealed in early pregnancy, IL-12 is
a strong inflammatory cytokine previously associated with
preeclampsia (18), while FGF-b is regarded important for
adequate vascular and embryonic development (41,42). The
increased serum levels of IL-6, MCP-1, and TNF-a are also
found in nonpregnant women with PCOS (7, 9, 10). The
continued increase of IL-8 and TNF-a levels in the second
and third trimester may indicate prolonged inflammatory
development throughout pregnancy in women with PCOS.

The simultaneous increase in the anti-inflammatory IL-1Ra
may point to compensatory immunological regulation.
Combined mobilization of inflammatory and anti-inflam-
matory cytokines is regarded as necessary to balance and
fine-tune the increased inflammatory activation, as is also
observed in association with pregnancy complications such
as preeclampsia and preterm birth (43-45). Elevated levels
of CRP have been reported both in nonpregnant women
with PCOS and in pregnant women with PCOS during all
trimesters compared to controls (6, 16). We found that CRP
showed the highest levels in the second trimester in women
with PCOS, even though the first and third trimesters have
been regarded as more inflammatory (40). This finding is
supported by a study of CRP in women without PCOS
(21). The development of CRP differed from the trajectory
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Table 3. Comparison of relative cytokine development in pregnant women with polycystic ovary syndrome and pregnant

controls

Univariate analyses

Multivariate analyses

Time in- PCOS, Controls, Cytokine differences P

Classification  Sensitivity/ LVs Top 4 cytokines contributing P

terval, wk  No. No. (PCOS/controls) accuracy, %  Specificity to separation between groups
10 —» 19 324 89 IL-7 (1/7) .013¢ 70 0.61/0.81 3 IL-7 <.001
IL-4 (/) .048° IL-4
G-CSF (/1) 013° G-CSF
FGE-b (J}/]) .049° FGF-b
19 — 32 293 75 MCP-1 (|/]) <.001 62 0.55/0.7 5 MCP-1 <.001
Eotaxin ({/]|) <.001°¢ Eotaxin
IL-8 (17]) <.001 IL-8
IL-7 (1)) 010 IL-7
IP-10 ({/<) 0174
PDGE-BB («/|) .028
TNF-a (1/}) 028
19 — 36 286 55 IL-1Ra (1/]) <.001 68 0.67/ 0.6 2 IL-1Ra <.001
MCP-1 (}/1]) <.001 MCP-1
Eotaxin (}/]]) .021%° Eotaxin IP-10

Results from univariate and multivariate comparison of log2 fold-change values of 22 cytokines and CRP in defined time intervals in pregnant women with PCOS
and pregnant controls. Univariate cytokine differences were analyzed by Mann-Whitney U test showing only the cytokines with significantly different development
in women with PCOS compared to controls. Arrows before the slash indicate development in women with PCOS and arrows after the slash indicate development in
controls. Double arrows indicate a greater change in cytokine concentration compared to the other group. P values are adjusted according to Benjamini-Hochberg
procedure, and significant P values are highlighted in bold. Multivariate classification analyses are performed with orthogonalized PLS-DA. The classification accu-
racy describes the percentage of serum samples that are correctly classified according to PCOS status based on the cytokine and CRP profile. LVs indicate number
of latent variables in the PLS-DA model. The PLS-DA scores and loadings plots can be found in Supplementary Fig. 4. Controls indicate women without PCOS
with normal pregnancies.

Abbreviations: CRP, C-reactive protein; FGF-b, basic fibroblastic growth factor; G-CSF, granulocyte colony-stimulating factor; IL, interleukin; IP, interferon-y—in-
duced protein; LV, latent variable; MCP, monocyte chemotactic protein; PCOS, polycystic ovary syndrome; PLS-DA, partial least squares-discriminant analyses;
PDGE, platelet-derived growth factor; Ra, receptor antagonist; TNE, tumor necrosis factor.

“Comparisons no longer significantly different between women with PCOS and controls when the women with PCOS and pregnancy complications were excluded.
Comparisons no longer significantly different between women with PCOS and controls when the obese women were excluded, making the mean body mass index

in the PCOS and control group comparable.

of related inflammatory cytokines such as IL-18 and IL-8.
CRP levels correlated significantly with levels of IL-6
during all trimesters, although less than found in a previous
study (46). This opposite development of CRP compared to
several inflammatory cytokines and the expected immuno-
logical milestones in pregnancy demonstrates the need for
caution when interpreting serum CRP levels in pregnancy.
Some of the serum cytokines seemed to be linked to
pregnancy complications or obesity in the women with
PCOS; for IL-6 and CRP this is in line with previous find-
ings of their association with preeclampsia, preterm birth,
and GDM in women without PCOS (17, 19, 47). IL-6
and CRP are also reported higher in obese compared to
normal-weight pregnant women without PCOS (46). A re-
lation between IP-10 and pregnancy complications is sup-
ported by studies associating IP-10 with obesity (48) and
preeclampsia (18, 49) in women without PCOS. Eotaxin
in pregnancy has scarcely been studied, but has been re-
ported as predictive of hypertensive disorders in pregnancy
in women without PCOS (50). Elevated baseline levels of

MCP-1 related to pregnancy complications in women with
PCOS are supported by a study linking elevated levels of
MCP-1 to GDM in non-PCOS women (51). However,
our results of altered MCP-1 levels later in pregnancy in
women with PCOS independent of GDM may indicate
that increased insulin resistance without GDM affects the
MCP-1 development in pregnancy (52). Still, more targeted
studies on pregnancy complications in pregnant women
with PCOS are needed to elucidate the role of serum cyto-
kines in this context.

Both maternal and fetal characteristics had significant
effects on the maternal immune status throughout preg-
nancy in women with PCOS. The elevated levels of nu-
merous multifunctional cytokines in overweight and obese
women compared to normal-weight women demonstrate
that body weight is an important modulator of the immune
system in PCOS. Several of the cytokines most influenced
by BMI were also shown to be associated with pregnancy
complications in PCOS and therefore seem to reflect a
worsening of the PCOS-associated immune profile. High
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Figure 3. Influence of important clinical parameters on the serum cytokine pattern in pregnant women with PCOS by RM-ASCA+ for A, overweight
and obese women relative to normal-weight women; B, women with a male compared to female fetus; C, smoking compared to nonsmoking
women; and D, multiparous compared to nulliparous women. The first principal component (PC1) from the RM-ASCA+ analysis explains most of
the variation of the comparisons, thus only PC1 is shown. Cytokine development in the clinical groups is shown relative to the indicated reference
group and must be interpreted in relation to the corresponding reference trajectories in Supplementary Fig. 4. Samples with a high PC1 score have
higher concentrations of the cytokines with positive loadings and lower concentrations of the cytokines with negative loadings in the loadings score

plot compared to samples with low score values. The vertical lines represent the error bars. CRP, C-reactive protein; FGF-b, basic fibroblastic growth
factor; G-CSF, granulocyte colony-stimulating factor; GM, granulocyte macrophage; IL, interleukin; IP, interferon-y—induced protein; MCP, monocyte
chemotactic protein; MIP, macrophage inflammatory protein; PC, principal component; PCOS, polycystic ovary syndrome; PDGF, platelet-derived
growth factor; Ra, receptor antagonist; RM-ASCA+, repeated-measures analysis of variance simultaneous component analysis; TNF, tumor necrosis

factor.

BMI is regarded as a key feature of PCOS, and androgen
excess and visceral adipocyte hypertrophy are linked as
PCOS symptoms often worsen with increased BMI (53). An
increase in single cytokines related to increased BMI both
in pregnant and nonpregnant women without PCOS has
been previous reported (46, 48, 54, 55), but this is the first
report of an extensive list of longitudinally altered cyto-
kines related to BMI in PCOS.

An interesting finding in our study was the influence
of fetal sex on the maternal immunological status in early
pregnancy, identified as higher serum levels of IL-2, MCP-1,
FGF-b, IL-7, and IL-1Ra in pregnancies with male fetuses.
Studies of women without PCOS carrying male fetuses
have shown increased levels of IL-12, FGF-b, and IL-1p
and reduced IL-13 in plasma (56, 57), whereas others have
found no such differences (58). Previous research on fetal
sex-specific differences in relation to pregnancy complica-
tions in women without PCOS show diverging results but
may point to an increased risk of preterm birth and GDM
with male fetuses (59-62). This may be due to increased
susceptibility to maternal inflammation in women carrying
male compared to female fetuses (61, 63, 64), which is in
line with our results. The sex-specific differences in serum

cytokines were less pronounced in women with PCOS
without pregnancy complications, supporting that the in-
creased immune activation in pregnancy disorders induces
greater cytokine differences between fetal sexes.

Smoking had a distinct influence on the maternal im-
munological status, marked by decreased levels of several
inflammatory cytokines in pregnant smokers with PCOS.
This may represent a pregnancy-specific immunologic fea-
ture of PCOS, as previous studies on nonpregnant women
with PCOS associate smoking with unbeneficial metabolic
features such as increased lipids and insulin resistance (63,
66). Our findings in pregnancy are supported by reports of
decreased levels of IL-12 in nonpregnant smokers without
PCOS (67, 68), while contrasted by a study showing un-
affected TNF-a levels in smoking pregnant women (69). It
may be speculated that reduced IP-10 in smoking women
with PCOS is related to the inverse association of smoking
and risk of preeclampsia found by others, as increased
IP-10 levels are linked to preeclampsia (18, 49). However,
the subgroup of smokers in this study was small and the
connections between cytokine patterns and smoking status
in women with PCOS warrant analyses of larger study
populations.
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An important strength of our study is the longitudinal
design and the large number of participants with PCOS
providing serum samples during all trimesters of pregnancy.
Broad serum cytokine profiling of this scale is so far unique
in PCOS research. Cytokines act together to modulate im-
mune responses but are often analyzed individually in small
sample sizes, causing contradictory results unable to mirror
the actual immune status. The use of advanced multivariate
statistical methods can mirror the complex dynamics of the
immune system more accurately and is another important
strength of our study. A possible limitation of the study were
lot-to-lot differences in multiplex kits, making comparison
of absolute cytokine concentrations between different
batches challenging. To account for this, plate and batch ef-
fects were adjusted for and study cohort was included in
all regression models to make up for baseline differences.
Further, comparisons of absolute cytokine levels were per-
formed only on samples analyzed in the same batch.

To conclude, pregnant women with PCOS present a dis-
tinct serum cytokine profile throughout pregnancy, character-
ized by increased cytokine mobilization compared to controls.
The broad mobilization of inflammatory and other multi-
functional cytokines associated with pregnancy in women
with PCOS underlines the complexity of the immunological
dynamics in these women. Still, the link between specific cyto-
kines, pregnancy complications, and unfavorable gestational
influences such as high BMI or smoking may prove useful for
targeted identification of immune deviation and pregnancy
complications in women with PCOS. This study forms a
unique and important basis for further research on pregnancy
and pregnancy complications in women with PCOS.
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