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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 TNF� 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 (�g/mL) levels by trimester from univariate linear mixed models in pregnancies of women with PCOS. P values are adjusted 
using the Benjamini-Hochberg procedure. Asterisks indicate signi�cant change from the �rst 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-�, 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-CSF, 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 pro�le in women with PCOS could be separated 
from controls with a classi�cation accuracy of 62% to 70% 
at all time intervals (all P values < .001) (see Table 3). The 
high classi�cation 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 classi�cation 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, IL-4, 
IL-7, G-CSF, 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 In�uence 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 de�ned 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 

cytokine pattern characterized by higher levels of IL-1Ra, 
CRP, MIP-1�, 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 in�uence 
of BMI on the maternal immune system was further sup-
ported by univariate LMM models showing signi�cantly 
increased levels of CRP (P < .001), IL-6 (P = .017), IL-1Ra 
(P < .001), MIP-1� (P < .005), and IP-10 (P = .037) with 
increasing BMI in pregnancy (Supplementary Fig. 5A) (26). 
Importantly, although BMI markedly affected these speci�c 
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 �rst and second trimester 
(Fig. 3B). Additionally, smoking showed a prominent in�u-
ence on the serum cytokine patterns in pregnant women 
with PCOS (Fig. 3C). Maternal smoking was re�ected by 
lower levels of the in�ammatory cytokines TNF-�, IL-12, 
and IL-6 and the chemokine IP-10, and higher levels of 
anti-in�ammatory IL-4 and the chemokines eotaxin and 
MCP-1. These smoking-associated changes were ap-
parent from the �rst 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) in�u-
enced the serum cytokine patterns in pregnancy in women 
with PCOS showed no apparent effects. Univariate LMM 
analyses did not detect any signi�cant 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 in�uence from fetal sex, and BMI was no 
longer associated with the changes in IL-6, MIP-1�, or 
IP-10 in Supplementary Fig. 5A (data not shown) (26).

Discussion
This study provides the �rst 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 �broblastic growth factor; G-CSF, granulocyte colony-stimulating factor; 
GM, granulocyte macrophage; IL, interleukin; IP, interferon-��induced protein; MCP, monocyte chemotactic protein; MIP, macrophage in�ammatory 
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.

Figure 1: continued
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with PCOS. Women with PCOS showed marked changes 
in serum cytokines throughout pregnancy, with high im-
munological activation in the �rst and third trimesters. 
Compared to controls, women with PCOS showed higher 
levels of most cytokines in the �rst trimester, with a strong 
contribution from in�ammatory cytokines. The relative 
cytokine development was also different in women with 
PCOS compared to controls, particularly in�uenced by 
IL-1Ra, IL-8, TNF-�, 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 in�ammatory char-
acter was apparent by coordinated involvement of IL-1�, 

IL-2, IL-6, IL-12, and CRP in early pregnancy and IL-8 and 
TNF-� in all trimesters in women with PCOS. Interestingly, 
the additional strong association with other multifunc-
tional cytokines of anti-in�ammatory, 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, 
con�rming 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 �rst trimester 
was characterized by high concentrations of growth factors, 
chemokines, and in�ammatory cytokines, re�ecting the 
critical immunological processes of implantation and pla-
cental development. Most cytokines decreased or remained 
stable in concentration from the �rst to the second tri-
mester, in agreement with the less activated immunological 

Figure 2.  Spearman rank correlation coef�cients 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 �gure tiles for correlations that remained signi�cant 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 �broblastic growth factor; G-CSF, gran-
ulocyte colony-stimulating factor; GM, granulocyte macrophage; IL, interleukin; IP, interferon-��induced protein; MCP, monocyte chemotactic protein; 
MIP, macrophage in�ammatory protein; PCOS, polycystic ovary syndrome; PDGF, platelet-derived growth factor; Ra, receptor antagonist; TNF, tumor 
necrosis factor.
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state of the second trimester, a period facilitating rapid fetal 
growth. The immune activity markedly increased toward 
delivery with increased levels of both potent in�ammatory 
cytokines and modulating anti-in�ammatory cytokines.

The distinct serum cytokine pro�le 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 in�ammatory 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-� are also 
found in nonpregnant women with PCOS (7, 9, 10). The 
continued increase of IL-8 and TNF-� levels in the second 
and third trimester may indicate prolonged in�ammatory 
development throughout pregnancy in women with PCOS. 

The simultaneous increase in the anti-in�ammatory IL-1Ra 
may point to compensatory immunological regulation. 
Combined mobilization of in�ammatory and anti-in�am-
matory cytokines is regarded as necessary to balance and 
�ne-tune the increased in�ammatory 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 �rst and third trimesters have 
been regarded as more in�ammatory (40). This �nding is 
supported by a study of CRP in women without PCOS 
(21). The development of CRP differed from the trajectory 

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

In�ammatory cytokines    
  CRP 4.8 (2.4-8.5) 3.2 (1.4-7.0) 1.48 .026a,b

  IL-1� 0.9 (0.8-1.2) 0.6 (0.4-0.8) 1.58 < .001
  IL-2 4.6 (2.3-9.5) 2.9 (0.6-7.5) 1.55 .026b

  IL-6 2.8 (2.2-3.4) 2.4 (1.9-2.4) 1.19 .021a,b

  IL-8 13.9 (12.0-16.3) 10.7 (9.1-13.2) 1.30 < .001
  IL-12 2.1 (0.9-3.8) 0.5 (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 9.1 (7.0-11.4) 4.4 (2.7-6.6) 2.08 < .001
  TNF-� 54.7 (47.7-63.5) 43.0 (36.3-49.8) 1.28 < .001
Anti-in�ammatory cytokines    
  IL-1Ra 266.3 (168.5-388.1) 196.7 (113.7-369.7) 1.35 .026a,b

  IL-4 1.7 (1.5-2.0) 1.2 (0.8-1.6) 1.44 < .001
  IL-9 252.6 (217.9-290.5) 203.2 (147.5-249.9) 1.24 < .001
  IL-13 5.2 (4.1-6.5) 4.0 (3.3-5.3) 1.29 < .001
Chemokines     
  Eotaxin 86.8 (73.6-113.4) 91.1 (69.2-131.2) 0.95 .969
  IP-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 .041a,b

  MIP-1� 3.1 (2.7-3.7) 2.2 (1.8-2.5) 1.42 < .001
  MIP-1� 137.2 (108.6-167.6) 130.7 (91.4-160.0) 1.05 .222
Growth factors     
  IL-7 5.9 (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 5.0 (3.6-7.3) 4.19 (2.8-7.6) 1.19 .159
  PDGF-BB 5221.7 (4453.6-5851.8) 3988.29 (2970.9-4645.0) 1.31 .001

Comparison of cytokine (pg/mL) and CRP (�g/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. Signi�cant P�values are highlighted in bold. Controls indicate women without PCOS with normal pregnancies.
Abbreviations: CRP, C-reactive protein; FGF-b, basic �broblastic growth factor; G-CSF, granulocyte colony-stimulating factor; GM, granulocyte macrophage; IL, 
interleukin; IP, interferon-��induced protein; MCP, monocyte chemotactic protein; PCOS, polycystic ovary syndrome; PDGF, platelet-derived growth factor; Ra, 
receptor antagonist; TNF, tumor necrosis factor.
aComparisons no longer signi�cantly different between women with PCOS and controls when the women with PCOS and pregnancy complications were excluded.
bComparisons no longer signi�cantly 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.
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of related in�ammatory cytokines such as IL-1� and IL-8. 
CRP levels correlated signi�cantly 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 in�ammatory 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 �nd-
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 signi�cant 
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 in�uenced 
by BMI were also shown to be associated with pregnancy 
complications in PCOS and therefore seem to re�ect a 
worsening of the PCOS-associated immune pro�le. High 

Table 3.  Comparison of relative cytokine development in pregnant women with polycystic ovary syndrome and pregnant 
controls

Univariate analyses Multivariate analyses

Time in-
terval, wk

PCOS, 
No.

Controls, 
No.

Cytokine differences 
(PCOS/controls)

P Classi�cation 
accuracy, %

Sensitivity/
Speci�city

LVs Top 4 cytokines contributing 
to separation between groups

P

10���19 324 89 IL-7 (�/�) .013a 70 0.61/ 0.81 3 IL-7 < .001
IL-4 (��/�) .048a IL-4
G-CSF (�/�) .013a G-CSF
FGF-b (��/�) .049a FGF-b

19���32 293 75 MCP-1 (�/��) < .001 62 0.55/ 0.7 5 MCP-1 < .001
Eotaxin (�/��) < .001a Eotaxin
IL-8 (�/�) < .001 IL-8
IL-7 (�/�) .010 IL-7
IP-10 (�/�) .017a,b  
PDGF-BB (�/�) .028  
TNF-� (�/�) .028  

19���36 286 55 IL-1Ra (�/�) < .001 68 0.67/ 0.6 2 IL-1Ra < .001
MCP-1 (�/��) < .001 MCP-1
Eotaxin (�/��) .021a,b Eotaxin IP-10

Results from univariate and multivariate comparison of log2 fold-change values of 22 cytokines and CRP in de�ned 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 signi�cantly 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 signi�cant P�values are highlighted in bold. Multivariate classi�cation analyses are performed with orthogonalized PLS-DA. The classi�cation accu-
racy describes the percentage of serum samples that are correctly classi�ed according to PCOS status based on the cytokine and CRP pro�le. 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 �broblastic growth factor; G-CSF, granulocyte colony-stimulating factor; IL, interleukin; IP, interferon-��in-
duced protein; LV, latent variable; MCP, monocyte chemotactic protein; PCOS, polycystic ovary syndrome; PLS-DA, partial least squares-discriminant analyses; 
PDGF, platelet-derived growth factor; Ra, receptor antagonist; TNF, tumor necrosis factor.
aComparisons no longer signi�cantly different between women with PCOS and controls when the women with PCOS and pregnancy complications were excluded.
bComparisons no longer signi�cantly 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.
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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 �rst 
report of an extensive list of longitudinally altered cyto-
kines related to BMI in�PCOS.

An interesting �nding in our study was the in�uence 
of fetal sex on the maternal immunological status in early 
pregnancy, identi�ed 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-1� 
and reduced IL-13 in plasma (56, 57), whereas others have 
found no such differences (58). Previous research on fetal 
sex-speci�c 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 in�ammation in women carrying 
male compared to female fetuses (61, 63, 64), which is in 
line with our results. The sex-speci�c 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 in�uence on the maternal im-
munological status, marked by decreased levels of several 
in�ammatory cytokines in pregnant smokers with PCOS. 
This may represent a pregnancy-speci�c immunologic fea-
ture of PCOS, as previous studies on nonpregnant women 
with PCOS associate smoking with unbene�cial metabolic 
features such as increased lipids and insulin resistance (65, 
66). Our �ndings 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-� 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.

Figure 3.  In�uence 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 �rst 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 �broblastic growth 
factor; G-CSF, granulocyte colony-stimulating factor; GM, granulocyte macrophage; IL, interleukin; IP, interferon-��induced protein; MCP, monocyte 
chemotactic protein; MIP, macrophage in�ammatory 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.
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