
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Hannan, NJ;Bambang, K;Kaitu'u-Lino, TJ;Konje, JC;Tong, S

Title:
A bioplex analysis of cytokines and chemokines in first trimester maternal plasma to
screen for predictors of miscarriage

Date:
--

Citation:
Hannan, N. J., Bambang, K., Kaitu'u-Lino, T. J., Konje, J. C. & Tong, S. (). A bioplex
analysis of cytokines and chemokines in first trimester maternal plasma to screen for
predictors of miscarriage. Plos One,  (), https://doi.org/./journal.pone..

Persistent Link:
https://hdl.handle.net//

License:
CC BY

CC%20BY


A Bioplex Analysis of Cytokines and Chemokines in First
Trimester Maternal Plasma to Screen for Predictors of
Miscarriage
Natalie J. Hannan1*., Katerina Bambang2., Tu’uhevaha J. Kaitu’u-Lino1, Justin C. Konje2",

Stephen Tong1"

1 Translational Obstetrics Group, The Department of Obstetrics and Gynaecology, Mercy Hospital for Women, University of Melbourne, Heidelberg, Victoria, Australia,

2 Endocannabinoid Research Group, Reproductive Sciences Section, Department of Cancer Studies and Molecular Medicine, University of Leicester, Leicester, United

Kingdom

Abstract

Background: We have previously shown in two independent cohorts that circulating first trimester Macrophage Inhibitory
Cytokine-1 (MIC-1) levels are lower in women in early pregnancy who are destined to miscarriage. While promising, the
diagnostic performance of measuring MIC-1 alone was not sufficient for it to be a useful predictive test for miscarriage.
Besides MIC-1, there are other cytokines, as well as chemokines, involved in facilitating early pregnancy. We reasoned that
screening these factors in maternal plasma could uncover other predictive markers of miscarriage.

Methods: This was a nested case control study, of 78 women from a prospective study of 462 attending the Early Pregnancy
Assessment Unit in the first trimester (EPAU) with a threatened miscarriage; 34 of these subsequently miscarried (cases) and
44 went on to have a normal delivery (controls) Cytokines IL-1b, IL-6 and IL-10, and the chemokines, CXCL8, CCL2, CCL5,
CCL7 and CX3CL1 were measured in plasma from our cohort.

Results: The cytokines IL-1b, IL-6, IL-10 and the chemokine CXCL8 were not detectable in first trimester plasma. The
chemokines CCL2, CCL5, CCL7 and CX3CL1 were detectable in all samples but levels did not vary across 5–12 weeks of
gestation among controls. Plasma levels of these chemokines were no different in the miscarriage cohort compared to
controls.

Conclusion: The chemokines CCL2, CCL5, CCL7 and CX3CL1 were detectable in plasma during the first trimester while IL-1b,
IL-6, IL-10 and CXCL8 were not. However, none of the cytokines and chemokines screened were different in maternal plasma
in cases or controls. These therefore do not appear to have potential for application as predictive biomarkers of miscarriage.
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Introduction

Miscarriage is the most common complication of pregnancy.

There are currently no accurate predictive tests and treatments

that can prevent spontaneous miscarriage. While 50% of

miscarriages are associated with fetal chromosomal errors, most

of the remaining cases are likely to be euploid fetuses that have

failed owing to implantation problems [1]. We have previously

postulated that developing an accurate predictive test for

miscarriage may open the window for identifying euploid

pregnancies that are still viable but destined to miscarry. It follows

therefore that conceivably, emerging therapeutics could be

targeted at such high risk euploid pregnancies so that some of

them may continue to viability, (i.e. rescuing some from

miscarriage). We [2–5], and others [6–8] have been avidly

searching for such predictive blood biomarkers of miscarriage.

One such biomarker, macrophage Inhibitory cytokine 1 (MIC-

1), is localized to the syncytiotrophoblast and decidua, increases

across the first trimester in serum and is proposed to play an

immunomodulatory role in facilitating pregnancy success. We

have previously shown [2] and then validated in two large

prospective cohorts [3,5] that MIC-1 is depressed in viable

pregnancies destined for miscarriage. Given the success in the

strategy of focusing on an immune cytokine with a likely role in

early pregnancy, attempts need to be made to identify and screen

other such molecules for their predictive potential.
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Cytokines are small glycoprotein mediators which act locally, in

both paracrine and autocrine manners. Chemokines are small

chemotactic cytokines, well known for their function in leukocyte

recruitment and activation. While cytokines and chemokines have

major roles in regulating immune cells, these molecules are

synthesized at the maternal-fetal interface where they have been

implicated to play critical roles in the establishment and

maintenance of pregnancy [9–13].

During the early stages of pregnancy it is thought that cytokines

facilitate important immune modulation, resulting in a switch to

the type 2 response, allowing the pregnancy to safely continue

[14]. Disturbances in the production of individual cytokines have

been demonstrated in the endometrium of some infertile women

and in those suffering from recurrent miscarriage [15–19].

We therefore set out to screen cytokines and chemokines in

maternal plasma, examining whether levels can predict miscar-

riage in pregnancies where the fetus was live on the day of blood

sampling. The cytokines and chemokines (IL-1b, IL-6. IL-10,

CCL2, CCL5, CCL7, CXCL8 and CX3CL1) chosen for

examination in maternal blood in this study were selected because

they have previously been reported to play key roles in the human

endometrium [9,10,20]. In addition IL1 b, IL-6, IL-10 and

CXCL8 (IL-8) have previously been examined in maternal

circulation in association with miscarriage [21–23].

A subgroup of samples were selected from a larger prospective

cohort of samples collected in the first trimester from women

presenting to an Early Pregnancy Assessment Unit in the United

Kingdom. Notably, all participants were confirmed to have a

viable pregnancy by ultrasound on the day of blood sampling. We

assessed eight cytokines and chemokines, to examine (1) whether

they were detectable and to document their levels across the first

trimester and (2) whether these were different in women destined

to later miscarry and thus maybe used as biomarkers of

spontaneous miscarriage.

Materials and Methods

Participants
This was a nested case control study, in which we selected

samples from well phenotyped women from those obtained for a

large prospective cohort study. The original prospective collection

was performed at the Leicester Royal Infirmary, were of women

presenting to the Early Pregnancy Assessment Unit (EPAU) either

most commonly with a threatened miscarriage or a past history of

previous miscarriage or ectopic pregnancy. Women presented

with pain and/or bleeding or were asymptomatic. Women were

excluded if they had a history of illicit dug use, any significant

systemic illness such as diabetes or if they were heavy smokers (.

20 cigarettes per day). Only singleton pregnancies were included.

Gestational age was determined by ultrasound measurement of the

crown-rump length and calculating the gestation using reference

British Medical Ultrasound Society (BMUS) charts, all patients

were recruited and assessed by a single operator. Fetal cardiac

activity was confirmed at the time of blood sampling. A

miscarriage was defined as the spontaneous loss of the pregnancy

at less than 20 weeks gestation, a first trimester miscarriage is the

spontaneous loss of the pregnancy less than 13 weeks gestation.

The blood analysed was collected at 5–12 weeks gestation

(during the first trimester). In addition to the blood samples,

various demographic variables were also collected as detailed in

Table 1.

The original a priori study design was to perform a bioplex

screen of eight candidate cytokines and chemokines and then

validate the predictiveness of spontaneous miscarriage using

promising leads (i.e. cytokines or chemokines with differential

levels among the two cohorts) in the entire cohort of 462.

Ethics Statement
This study was approved by the Leicestershire and Rutland

local research ethics committee. All women gave informed written

consent to participate in the study.

Sample Collection
Approximately 9 mL of venous blood was collected into EDTA

plasma tubes (Sarstedt Leicester UK). The tubes were centrifuged

at 12006g at 4uC for 30 minutes, and the plasma collected and

stored in aliquots at –80uC until analysis. All samples were

promptly processed and frozen within 60 minutes of collection.

Measurement of Cytokines IL-1b, IL-6, IL-10; the
Chemokines CCL2, CCL5, CCL7, CXCL8 and CX3CL1; and
Human Chorionic Gonadotrophin (hCG)

The cytokines, IL-1b, IL-6 and IL-10, and the chemokines,

CXCL8, CCL2, CCL5, CCL7 and CX3CL1 were measured

using quantitative Milliplex Luminex (MilliPlex MAP Human

Cytokine Panel 8-plex, Millipore, Melbourne, Victoria, Australia)

assays according to the manufacturer’s instructions. A single

operator blinded to the clinical groupings performed all analyte

measurements. In brief, 96-well plates were pre-wet with 200 ml

assay buffer (provided by the manufacturer) for 10 minutes and

then aspirated using a vacuum manifold. Standards and plasma

samples (25 ml) were added to appropriate wells, followed by the

addition of assay beads. Plates were incubated overnight for 16–

18 h with mild agitation at 4uC; the fluid was then removed by

vacuum and the wells were washed twice with wash buffer.

Detection antibodies were added to each well, and incubated for

1 h at room temperature (RT), the fluorescent conjugate

Streptavidin-Phycoerythrin was added to each well and plates

incubated for 30 min at RT. Fluid was then removed by vacuum

and wells washed twice. Analysis of each sample was performed in

duplicate. Identical positive and negative quality controls are

included on each assay in duplicate.

The assays were performed in one batch, with samples

randomly mixed. The lower detection limit was 3.2 pg/ml for

all the analytes, while the intra-assay variability was less than 10%.

Data were collected and analysed using a BioPlex 200 instrument

equipped with BioManager analysis software (BioRad).

Levels of hCG were also assayed using ELISA (ALPCO, Salem,

NH, USA).

Statistical Analysis
Data were not normally distributed and were therefore assessed

non-parametrically. Mann-Whitney U test was used to assess the

demographic characteristics for maternal age, BMI, Smoker,

gestation at sampling, previous miscarriages. Chi-squared contin-

gency analysis was used to assess the demographic characteristics

for Ethnicity and Parity. Plasma cytokine and chemokine

concentrations were assessed across gestation using the Kruskal-

Wallis test. The Mann-Whitney U test was used to compare

plasma cytokine and chemokine concentrations between the

miscarriage cohort and controls.

The analyte concentrations for hCG varied across gestation. To

correct for this change across gestational age, we also expressed all

data points for hCG as multiple of the normal median (MoMs).

We then compared MoMs between miscarriage and controls using

the Mann-Whitney U test. All statistical analysis was carried out

Plasma Cytokine Analysis to Predict Miscarriage
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using PRISM version 6.00 for Mac (GraphPad, SanDiego, CA).

p,0.05 was considered significant.

Results

Patient Characteristics
We examined a set of cases and controls of 78 samples selected

from a large prospective collection. This comprised 44 controls

(women who progressed to a live baby at term) and 34 miscarriage

samples. All miscarriages were diagnosed in the first trimester.

Table 1 shows the baseline demographics for the cases and

controls. The median maternal age (and range) for the control

group was 31 years, and was no different to the miscarriage

cohort. There were also no significant differences in parity, or the

number of previous miscarriages. All women in the ongoing

pregnancy cohort progressed to delivery of a live born infant, with

most delivering at term.

Samples were grouped according to gestational age at the time

of blood collection. For control group, there were: n = 6 at 5

weeks; n = 10 at 6 weeks, n = 6 at 7 weeks; n = 5 at 8 weeks; n = 5

at 9 weeks; n = 4 at 10 weeks; n = 4 at 11 weeks; n = 4 at 12 weeks.

The gestational ages of the miscarriage group (cases) were 5–12

weeks with n = 3 at 5 weeks; n = 20 at 6 weeks; n = 3 at 7 weeks;

n = 6 at 8 weeks; n = 1 at 9 weeks and n = 1 at 12 weeks.

Maternal Plasma Cytokine and Chemokine Levels at 5–12
Weeks Gestation in Controls

IL-1b, IL-6, IL-10, and CXCL8 were all largely undetectable in

maternal plasma (below the limit of detection of the assay for the

majority of samples). These analytes were therefore omitted from

further analysis.

The chemokines CCL2, 5 and 7 and CX3CL1 were detectable

in the maternal plasma, but did not alter significantly across during

the study period i.e.5 to 12 weeks’ gestation (Figure 1A–D) The

mean (6SEM) maternal plasma CCL2 concentrations in the

control group were 207 (621) pg/ml. The mean (6SEM) CCL5

plasma levels in the control group were 5258 (6671) pg/ml

(Figure 1B) while the mean CCL7 plasma levels were 29 (67) pg/

ml (Figure 1C), and mean CX3CL1 levels were 324 (642) pg/ml.

Maternal Plasma Levels of the Chemokines, CCL2, 5 and 7
and CX3CL1 at 5–12 Weeks Gestation in the Cases

There were no significant differences in maternal plasma

chemokine CCL2, 5, 7 and CX3CL1 in the cases (women with

a viable pregnancy at blood sampling but who subsequently

miscarried) compared to that in women who delivered a live baby

at term (Figure 2).

Plasma hCG Concentrations
Since there were no significant differences in the 8 analytes

screened, to ensure that our samples were representative of the

proteome seen in miscarriage, we measured hCG as we expected

the levels to be lower in the miscarriage cohort relative to controls.

The hCG levels reported here were obtained from a larger cohort

of samples which have been already published (this specific

subcohort hCG analysis has not been reported previously).

Plasma hCG levels in the control cohort peaked at 8 weeks

gestation and started then falling (Figure 3A). To correct for

changes across gestation, the data were expressed as multiples of

the median (of the controls) [3]. This confirmed that plasma hCG

levels in the miscarriage cohort were significantly lower compared

to that in the control group (Figure 3B), at 35% of normal levels

compared to controls (Median and 25–75th centile) MoM in the

miscarriage cohort was 0.35 (0.21–0.97) vs 1.00 (75–1.48) in

controls; p,0.0001.

Table 1. Characteristics of study participants.

Controls (n = 44) Miscarriage (n = 34)

Maternal age (years) 31 (21–43) 33 (20–42)

Body Mass Index 25 (20–40) 26 (18–41)

Ethnicity

Caucasian 33 (75%) 28 (63.6%)

Caucasian other 3 (6.8%)

Asian 5 (11.4%) 3 (8.8%)

Black 1 (2.7%)

Mixed 2 (4.5%)

Not recorded 3 (8.8%)

Parity %

0 52 35

1 33 33

$2 16 32

Smoker 3 (6.8%) 6 (17.6%)

Gestation at sampling (wks+days) 7 (5+0–12+0) 6+6 (5+0–12+0)

Previous miscarriages 2 (0–6) 1 (0–4)

Gestation at delivery (wks+days) 39.6+3 (32+0–42+0) n/a

Average birth weight (g) 3350 g (1900–4340) n/a

Data provided as the median, with range given in brackets or percentage as indicated.
doi:10.1371/journal.pone.0093320.t001
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Discussion

Miscarriage is the most common complication of pregnancy,

affecting around 10–15% of clinical pregnancies. While there is no

therapeutic treatment to prevent most miscarriages, there contin-

ues to be keen interest in identifying one [24,25]. The

development of a non-invasive test to identify women at high risk

of miscarriage at an early stage of pregnancy, before symptoms

occur, would be valuable. Such a test could allow targeted

evaluation of potential therapies, limiting the exposure to women

at high risk for miscarriage. This would be particularly important

when potential treatments would need to be administered during

the time of embryogenesis. A further clinical application of a

predictive test would be to use it as a counseling tool when,

potentially, anxious women may be reassured or, alternately,

warned they are at risk of a spontaneous miscarriage at a very

early stage of pregnancy. It is in this context that our team has had

a continuing interest in searching for predictive biomarkers for

miscarriage [2–5].

Cytokines and chemokines have been shown to play key roles

during early implantation events [26–30] and their receptors are

abundantly expressed by human trophoblast [11–13,31]. Previ-

ously we and others have demonstrated that CCL2, 5, and 7 and

CX3CL1 are produced by a variety of cell types in the maternal

endometrium and have key local actions important for implanta-

tion including leukocyte infiltration and trophoblast trafficking

[9,10,12,20,32]. We demonstrated that CX3CL1 promotes

migration of human trophoblast in vitro and neutralizing CX3CL1

attenuated trophoblast migration in response to endometrial cell

conditioned media [11]. Furthermore, invasive trophoblasts have

been shown to acquire the chemokine receptor CCR1 as they

invade the maternal wall, providing their ligands (including CCL5)

a binding site and enhancing trophoblast migration during

placentation [33]. Importantly all chemokines examined in

maternal blood in this study have previously been reported to be

present in the human endometrium [9,10,20].

MIC-1 has been found to be highly expressed in the placenta

and increases during pregnancy. Furthermore, functional studies

have suggested that MIC-1 promotes a tolerogenic subtype of

dendritic cells in the decidua [34]. We have previously shown in

three independent cohorts that MIC-1 is depressed in association

with miscarriage [2,3,5]. Furthermore, it appears to have a

reasonable diagnostic performance characteristics for miscarriage

prediction when applied to an asymptomatic cohort. Thus, these

studies of MIC-1 represent an important proof of concept:

measuring an analyte known to be likely involved in the biology

of pregnancy has lead to the identification of a blood marker

differentially produced in association with miscarriage. It is for this

reason that we hypothesized that screening other cytokines and

chemokines might yield further potential biomarkers of miscar-

riage.

Using a prospective collection of maternal plasma samples, we

assessed levels of pro-inflammatory cytokines IL-1b, IL-6. IL-10

and the chemokines CCL2, CCL5, CCL7, CXCL8 and CX3CL1

in women (both symptomatic and asymptomatic) with viable

pregnancies who went on to miscarry. Unfortunately, we found

none of these analytes to be promising markers of miscarriage.

Most of the samples assessed had undetectable levels of IL-1b, IL-

6, IL-10 and CXCL8. Previously levels of IL-6, CXCL8 and IL-10

have been detected in maternal blood [21,23,35,36]. Key

parameters differ between these studies and the current study;

many looked at maternal serum [21,35] where as the current study

examines plasma levels, this may account for the fact we cannot

detect these cytokines in the current study. Other reports have

noted low and non-detectable circulating levels of several cytokines

Figure 1. Analysis of plasma CCL2, 5 and 7 and CX3CL1 (A, B, C and D respectively) across weeks 5–12 in the control cohort
(ongoing pregnancies). None of the chemokines varied significantly across the gestational weeks (N.S. by Kruskal-Wallis test, all analyses P$0.39).
Data expressed as mean 6 SEM.
doi:10.1371/journal.pone.0093320.g001
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including IL-1b, IL-6, IFN-c and TNF-a and lack of consistent

associations with miscarriage risk [37,38]. A further plausible

explanation for inconsistency with this study and others may be

related to timing of sample collection relative to miscarriage and

also the time taken to process the sample. In our study all plasma

samples were collected when the patient was still pregnant

(presence of fetal heart beat at ultrasound) and all samples were

processed, and frozen (in aliquots) within 1 hour of collection.

The chemokines CCL2, CCL5, CCL7 and CX3CL1 were

readily detectable in the maternal circulation, but levels were not

different in controls and cases. We note that our findings do not

preclude the possibility they are still likely to play important

Figure 2. Analysis of plasma CCL2, 5 and 7 and CX3CL1 (A, B, C and D respectively) in normal control pregnancy (white bars) and
miscarriage (black bars) cohorts. Chemokine levels did not significantly differ between normal control pregnancies and the miscarriage cohort.
(N.S. by Kruskal-Wallis test, all analyses P$0.14). Data expressed as mean 6 SEM.
doi:10.1371/journal.pone.0093320.g002

Figure 3. Plasma human chorionic gonadotrophin concentrations in controls (white bars) and miscarriage cohort. Figure 3A shows
plasma hCG concentrations across gestation in the control cohort (P = 0.0011, Kruskal-Wallis test). 3B shows a comparison of plasma hCG levels in the
miscarriage and control cohorts, expressed as multiples of the median (MoMs). Use of MoMs corrects for the significant variations in analyte
concentrations across gestation. ***P,0.0001. The hCG levels reported here were obtained from a larger cohort of samples which have been already
published [5] (this specific subcohort hCG analysis has not been reported previously).
doi:10.1371/journal.pone.0093320.g003
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biological roles in the local uterine environment, where they are

produced in abundance by various maternal endometrial cells in

both non-pregnant and pregnant tissue [9–13,17,33,39].

Our study has a number of strengths; the samples were chosen

from a larger prospective study where the specific goal was to

identify biomarkers of miscarriage. Importantly to assess gesta-

tional age, at the time of blood sampling, all ultrasounds were

performed by the same investigator. This approach eliminated

potential error arising from inter-observer variability caused by

different people performing the ultrasounds to determine gesta-

tional age (a potential weakness present in other studies). All

samples were collected and processed by the same investigator for

storage. Furthermore, the analytes were measured as a batch in a

single run by an operator who mixed the samples and was blinded

to the clinical groupings. Finally, we had hCG levels in these

samples which showed an expected lower level in the miscarriage

cohort. This provides reassurance that our selected samples were

probably representative of the miscarriage phenotype seen in the

clinic.

While the cytokines screened in the current study may not be

useful to predict spontaneous pregnancy loss, our data does not

preclude their possible clinical utility in prediction of future

pregnancy loss in those who suffer from recurrent miscarriage,

particularly where the pathogenic mechanism may be very

different.

In conclusion, we have found plasma concentrations of the

cytokines IL-1b, IL-6 and IL-10, and the chemokines, CXCL8,

CCL2, CCL5, CCL7, CX3CL1 cannot predict subsequent

miscarriage.

Acknowledgments

We thank the women who participated in this study.

Author Contributions

Conceived and designed the experiments: NJH KB JCK ST. Performed

the experiments: NJH KB TJKL. Analyzed the data: NJH TJKL.

Contributed reagents/materials/analysis tools: NJH KB JCK ST. Wrote

the paper: NJH KB JCK ST.

References

1. Jauniaux E, Poston L, Burton GJ (2006) Placental-related diseases of pregnancy:

Involvement of oxidative stress and implications in human evolution. Hum

Reprod Update 12: 747–755.

2. Tong S, Marjono B, Brown DA, Mulvey S, Breit SN, et al. (2004) Serum

concentrations of macrophage inhibitory cytokine 1 (MIC 1) as a predictor of

miscarriage. Lancet 363: 129–130.

3. Tong S, Ngian GL, Onwude JL, Permezel M, Saglam B, et al. (2012) Diagnostic

accuracy of maternal serum macrophage inhibitory cytokine-1 and pregnancy-

associated plasma protein-A at 6–10 weeks of gestation to predict miscarriage.

Obstet Gynecol 119: 1000–1008.

4. Kaitu’u-Lino TJ, Tuohey L, Tong S (2012) Maternal serum interleukin-33 and

soluble ST2 across early pregnancy, and their association with miscarriage.

J Reprod Immunol 95: 46–49.

5. Kaitu’u-Lino TJ, Bambang K, Onwude J, Hiscock R, Konje J, et al. (2013)

Plasma MIC-1 and PAPP-A Levels Are Decreased among Women Presenting to

an Early Pregnancy Assessment Unit, Have Fetal Viability Confirmed but Later

Miscarry. PLoS One 8: e72437.

6. Johns J, Muttukrishna S, Lygnos M, Groome N, Jauniaux E (2007) Maternal

serum hormone concentrations for prediction of adverse outcome in threatened

miscarriage. Reprod Biomed Online 15: 413–421.

7. Marjono AB, Brown DA, Horton KE, Wallace EM, Breit SN, et al. (2003)

Macrophage inhibitory cytokine-1 in gestational tissues and maternal serum in

normal and pre-eclamptic pregnancy. Placenta 24: 100–106.

8. Muttukrishna S, Swer M, Suri S, Jamil A, Calleja-Agius J, et al. (2011) Soluble

Flt-1 and PlGF: new markers of early pregnancy loss? PLoS One 6: e18041.

9. Hannan NJ, Jones RL, Critchley HO, Kovacs GJ, Rogers PA, et al. (2004)

Coexpression of fractalkine and its receptor in normal human endometrium and

in endometrium from users of progestin-only contraception supports a role for

fractalkine in leukocyte recruitment and endometrial remodeling. J Clin

Endocrinol Metab 89: 6119–6129.

10. Jones RL, Hannan NJ, Kaitu’u TJ, Zhang J, Salamonsen LA (2004)

Identification of chemokines important for leukocyte recruitment to the human

endometrium at the times of embryo implantation and menstruation. J Clin

Endocrinol Metab 89: 6155–6167.

11. Hannan NJ, Jones RL, White CA, Salamonsen LA (2006) The chemokines,

CX3CL1, CCL14, and CCL4, promote human trophoblast migration at the

feto-maternal interface. Biol Reprod 74: 896–904.

12. Red-Horse K, Drake PM, Gunn MD, Fisher SJ (2001) Chemokine ligand and

receptor expression in the pregnant uterus: reciprocal patterns in complemen-

tary cell subsets suggest functional roles. Am J Pathol 159: 2199–2213.

13. Hannan NJ, Salamonsen LA (2008) CX3CL1 and CCL14 regulate extracellular

matrix and adhesion molecules in the trophoblast: potential roles in human

embryo implantation. Biol Reprod 79: 58–65.

14. Chaouat G, Ledee-Bataille N, Dubanchet S, Zourbas S, Sandra O, et al. (2004)

TH1/TH2 paradigm in pregnancy: paradigm lost? Cytokines in pregnancy/

early abortion: reexamining the TH1/TH2 paradigm. Int Arch Allergy

Immunol 134: 93–119.

15. Lim KJ, Odukoya OA, Ajjan RA, Li TC, Weetman AP, et al. (2000) The role of

T-helper cytokines in human reproduction. Fertil Steril 73: 136–142.

16. Dimitriadis E, Stoikos C, Stafford-Bell M, Clark I, Paiva P, et al. (2006)

Interleukin-11, IL-11 receptoralpha and leukemia inhibitory factor are

dysregulated in endometrium of infertile women with endometriosis during

the implantation window. J Reprod Immunol 69: 53–64.

17. Jasper MJ, Tremellen KP, Robertson SA (2007) Reduced expression of IL-6 and

IL-1alpha mRNAs in secretory phase endometrium of women with recurrent

miscarriage. J Reprod Immunol 73: 74–84.

18. Laird SM, Tuckerman EM, Li TC (2006) Cytokine expression in the

endometrium of women with implantation failure and recurrent miscarriage.

Reprod Biomed Online 13: 13–23.

19. Salamonsen LA, Hannan NJ, Dimitriadis E (2007) Cytokines and chemokines

during human embryo implantation: roles in implantation and early placenta-

tion. Semin Reprod Med 25: 437–444.

20. Hampton AL, Rogers PA, Affandi B, Salamonsen LA (2001) Expression of the

chemokines, monocyte chemotactic protein (MCP)-1 and MCP-2 in endome-

trium of normal women and Norplant users, does not support a central role in

macrophage infiltration into endometrium. J Reprod Immunol 49: 115–132.

21. Galazios G, Tsoulou S, Zografou C, Tripsianis G, Koutlaki N, et al. (2011) The

role of cytokines IL-6 and IL-8 in the pathogenesis of spontaneous abortions.

J Matern Fetal Neonatal Med 24: 1283–1285.

22. Hefler LA, Tempfer CB, Unfried G, Schneeberger C, Lessl K, et al. (2001) A

polymorphism of the interleukin-1beta gene and idiopathic recurrent miscar-

riage. Fertil Steril 76: 377–379.

23. Calleja-Agius J, Jauniaux E, Muttukrishna S (2012) Inflammatory cytokines in

maternal circulation and placenta of chromosomally abnormal first trimester

miscarriages. Clin Dev Immunol 2012: 175041.

24. Coomarasamy A, Truchanowicz EG, Rai R (2011) Does first trimester

progesterone prophylaxis increase the live birth rate in women with unexplained

recurrent miscarriages? BMJ 342: d1914.

25. Rumbold A, Middleton P, Pan N, Crowther CA (2011) Vitamin supplemen-

tation for preventing miscarriage. Cochrane Database Syst Rev: CD004073.

26. Hannan NJ, Evans J, Salamonsen LA (2011) Alternate roles for immune

regulators: establishing endometrial receptivity for implantation. Expert Rev

Clin Immunol 7: 789–802.

27. Hannan NJ, Salamonsen LA (2007) Role of chemokines in the endometrium

and in embryo implantation. Curr Opin Obstet Gynecol 19: 266–272.

28. Tabibzadeh S, Sun XZ (1992) Cytokine expression in human endometrium

throughout the menstrual cycle. Hum Reprod 7: 1214–1221.

29. von Wolff M, Thaler CJ, Zepf C, Becker V, Beier HM, et al. (2002) Endometrial

expression and secretion of interleukin-6 throughout the menstrual cycle.

Gynecol Endocrinol 16: 121–129.

30. Wegmann TG, Lin H, Guilbert L, Mosmann TR (1993) Bidirectional cytokine

interactions in the maternal-fetal relationship: is successful pregnancy a TH2

phenomenon? Immunol Today 14: 353–356.

31. Hanna J, Wald O, Goldman-Wohl D, Prus D, Markel G, et al. (2003) CXCL12

expression by invasive trophoblasts induces the specific migration of CD16-

human natural killer cells. Blood 102: 1569–1577.

32. Zhang J, Lathbury LJ, Salamonsen LA (2000) Expression of the chemokine

eotaxin and its receptor, CCR3, in human endometrium. Biol Reprod 62: 404–

411.

33. Sato Y, Higuchi T, Yoshioka S, Tatsumi K, Fujiwara H, et al. (2003)

Trophoblasts acquire a chemokine receptor, CCR1, as they differentiate towards

invasive phenotype. Development 130: 5519–5532.

34. Segerer SE, Rieger L, Kapp M, Dombrowski Y, Muller N, et al. (2012) MIC-1 (a

multifunctional modulator of dendritic cell phenotype and function) is produced

by decidual stromal cells and trophoblasts. Hum Reprod 27: 200–209.

35. Arslan E, Colakoglu M, Celik C, Gezginc K, Acar A, et al. (2004) Serum TNF-

alpha, IL-6, lupus anticoagulant and anticardiolipin antibody in women with

Plasma Cytokine Analysis to Predict Miscarriage

PLOS ONE | www.plosone.org 6 April 2014 | Volume 9 | Issue 4 | e93320



and without a past history of recurrent miscarriage. Arch Gynecol Obstet 270:

227–229.
36. Koumantaki Y, Matalliotakis I, Sifakis S, Kyriakou D, Neonaki M, et al. (2001)

Detection of interleukin-6, interleukin-8, and interleukin-11 in plasma from

women with spontaneous abortion. Eur J Obstet Gynecol Reprod Biol 98: 66–
71.

37. Zenclussen AC, Fest S, Busse P, Joachim R, Klapp BF, et al. (2002) Questioning
the Th1/Th2 paradigm in reproduction: peripheral levels of IL-12 are down-

regulated in miscarriage patients. Am J Reprod Immunol 48: 245–251.

38. Bates MD, Quenby S, Takakuwa K, Johnson PM, Vince GS (2002) Aberrant

cytokine production by peripheral blood mononuclear cells in recurrent

pregnancy loss? Hum Reprod 17: 2439–2444.

39. Kauma S, Matt D, Strom S, Eierman D, Turner T (1990) Interleukin-1 beta,

human leukocyte antigen HLA-DR alpha, and transforming growth factor-beta

expression in endometrium, placenta, and placental membranes. Am J Obstet

Gynecol 163: 1430–1437.

Plasma Cytokine Analysis to Predict Miscarriage

PLOS ONE | www.plosone.org 7 April 2014 | Volume 9 | Issue 4 | e93320


