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Abstract

Objective—To evaluate the hypothesis that cytokine levels are associated with miscarriage risk
using serum samples collected prior to report of miscarriage.

Design—A nested case-control study.

Setting—Biospecimens from the multi-site Collaborative Perinatal Project, University of Florida
laboratory assessment of I1L-1ra, IL-1B, IL-4, IL-6, IFN-y, TNF-0, TPO and G-CSF.

Patients—uwere obtained from cases of miscarriage (N=439) matched to controls (N=373) by
gestational age (GA) at sample collection.

Intervention—None.
Main outcome measures—,Miscarriage.

Results—Increased risk of miscarriage was associated with elevated TPO (AOR: 1.16, 95%
confidence interval (ClI):1.00 — 1.36) and decreased G-CSF (AOR: 0.78, 95% CI 0.64 — 0.95). When
analysis was restricted to samples collected more than 35 days prior to miscarriage, the effect of G-
CSF was not observed (AOR: 0.96, 95% CI 0.72 — 1.28), whereas increased risk related to higher
TPO remained.

Conclusions—Circulating levels of TPO may be associated with increased risk of miscarriage.
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Introduction

Human reproduction is a complex and highly regulated process. In humans this process is prone
to failures. Fecundability has been estimated to be less than 30% (1). Estimates of the proportion
of recognized pregnancies that end in miscarriage range from 15 to 31% (1,2). Although some
causes of miscarriage have been identified, the etiology is poorly understood (1,2).

Immune-related cytokines are among the molecules recognized to play key roles in pregnancy
(3-5). These cytokines are primarily produced by cells of the immune system, but are also
expressed at the maternal-fetal interface by decidua and trophoblast cells. Among their major
regulatory functions, cytokines participate in differentiation of naive T-helper cells into T-
helper type (Th)-1 cells, or Th-2 cells. Murine and human studies have suggested a shift toward
Th2 in successful pregnancy, though human studies have been less conclusive (5-15). Local
production of cytokines by uterine and placental cells is considered to influence embryo
implantation, decidualization, and placentation (3,16).

In addition, growth factors like vascular endothelial growth factor (VEGF), thrombopoietin
(TPO), granulocyte colony stimulating factor (G-CSF) and granulocyte macrophage colony
stimulating factor (GM-CSF) have been observed in various stages of pregnancy (4,17). VEGF
and TPO are involved in angiogenesis and thrombopoiesis. These factors have been
investigated in the context of preeclampsia, and both are critical for successful pregnancy (4,
17).

Previous studies suggesting altered cytokine production in miscarriage have included small
study populations, evaluated few factors, and/or utilized samples collected at diagnosis of
miscarriage, subsequent to fetal demise (5,11,18-23). Given the ambiguous findings regarding
the association among Thl and Th2 cytokines and miscarriage, the complex biological
interplay between these factors, and the lack of information regarding the relation between
TPO and miscarriage, we evaluated the hypothesis that cytokine levels are altered in
miscarriage using a large number of serum samples collected prior to report of miscarriage for
simultaneous assessment of multiple cytokines. In addition to a nested case-control approach,
we utilized serum samples from women who experienced pregnancies that ended in miscarriage
and normal pregnancies for a case-crossover analysis. These within-woman comparisons
address factors that might differ between women who experience miscarriage and those who
do not.

Materials and Methods

Study Design and Population

Subjects were selected from the Collaborative Perinatal Project (CPP) cohort. The CPP was a
multi-site prospective study conducted from 1959 to 1974 that enrolled participants at
presentation for prenatal care, and is described in detail elsewhere (24). Serum samples were
collected at entry to the CPP and at subsequent bimonthly visits and stored at —20°C. Gestation
was estimated using self-reported date of last menstrual period. Miscarriage was defined as
involuntary loss of a clinically recognized intrauterine pregnancy at less than 140 days of
gestation. Subjects with serum samples collected less than 10 days prior to miscarriage (n =
355), or with unavailable serum samples (n = 36) were excluded. After exclusions, 439 cases
of miscarriage were selected for this study.

Control selection followed a modified nested case-control design. Control serum samples were
matched to cases by gestational age (GA) at sample collection to address underlying biologic
variability of cytokine levels across gestation. Among women with eligible case samples, some
also experienced normal pregnancies in the CPP; serum samples from these ‘crossover’ women
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were preferentially sampled, allowing for the addition of a case-crossover analysis to address
time-invariant confounding (25). The case-control analysis was limited to independent
pregnancies—excluding normal pregnancies from 86 women—and therefore included serum
samples for 439 cases and 373 controls; the case-crossover analysis included 186 serum
samples from 86 case pregnancies and 100 serum samples from the control pregnancies of the
same 86 women.

Exposure Assessment

Serum cytokine levels were measured using the multiplex Fluorokine MAP Human Cytokine
detection system (R&D Systems, Inc. Minneapolis, MN) as previously described (26). Briefly,
the assays use 96-well plates with 50 pl of sera in duplicates in a sandwich ELISA-based
approach. The solid phase consists of fluorescent beads covalently linked with cytokine-
specific monoclonal antibodies allowing capture of each cytokine and corresponding
biotinylated antibody. After addition of streptavidin-phycoerythrin, intensity is measured using
the Luminex 100 IS system (Luminex Corp, Austin, TX).

Preliminarily, we evaluated use of CPP serum samples by comparing cytokine levels with
serum samples freshly collected at first trimester from healthy term pregnancies, as well as to
levels of IL-6 measured by standard ELISA. The levels of most measured cytokines were
consistent across these groups. The feasibility assessment is discussed in more detail in the
Appendix. Multiplex assays evaluated concentrations of IL-1 receptor antagonist (ra), IL-1p,
IL-4, IL-6, y-interferon (IFN-y), tumor necrosis factor alpha (TNF-a)), G-CSF and TPO.

Samples were randomly ordered by case status and batches organized by GA at sample
collection. Case samples and matched controls were analyzed in the same batch. Because
specimens had been collected previously and identifying information removed, the Office of
Human Subjects Research at the NIH and IRB at the University of Florida determined this
study as exempt from further IRB review.

Risk Factor Assessment

Maternal age, race, and smoking status were considered as possible confounding factors based
on having a suspected association with miscarriage, and a possible relation with cytokine levels
(2,27-29). Information on risk factors from the CPP examinations and interviews were
recorded by study staff at entry into the study and at subsequent visits to prenatal care providers.
Smoking was self-reported as cigarettes per day. Information on parity, gravidity, and previous
pregnancy outcomes was abstracted from medical records. Information regarding factors
measured at multiple time points was taken from the visit concurrent with sample collection,
usually corresponding to the initial visit.

Statistical Analysis

Demographics, risk factors, and outcomes were evaluated among the 812 women comprising
the study sample. For continuous variables, mean and standard error were calculated; for
discrete variables, proportions were calculated. The study sample was grouped by case status
into 439 case samples and 373 control samples, and bivariate relations between potential
confounders and miscarriage were evaluated. For continuous variables Student t-tests were
utilized and chi-square tests were used to compare categorical variables. Values for the
biomarkers were divided by their standard deviation within the controls to yield standardized
measures.

Conditional logistic regression models were utilized to estimate risk of miscarriage matched
on GA in weeks at time of sample provision. These models were used to obtain crude and
adjusted estimates of the odds ratio (OR). Specification of the final multivariable model was
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determined from bivariate analyses and/or biologic relevance (30), with confounding
determined by a change in estimate of at least ten percent (31). Estimated adjusted odds ratios
(AOR) correspond to the effect of one standard deviation change in biomarker on odds of
miscarriage. Conditional logistic regression models were also used for analysis of the self-
matched case-crossover data, with each individual woman serving as the matching factor.

To evaluate the importance of the time between sample collection and miscarriage on estimates,
observations were classified in overlapping categories—no restriction (i.e., not beyond the
exclusion criteria), at least 14 days, at least 21 days, at least 28 days, and the most restrictive
subset, at least 35 days from sample collection to miscarriage.

Characteristics of the 812 women in the study are shown in Table I. Mean maternal age at the
time of sample provision was significantly higher among miscarriage cases than among
controls (27.0 vs. 25.5 years, respectively). Additionally, a significantly higher proportion of
cases had a history of three or more miscarriages (6.6% vs. 1.6%).

Conditional logistic regression models were used to estimate crude and adjusted ORs (Table
I1). In the multivariable model, which included terms for all cytokines as well as maternal age,
the AOR estimate for TPO was 1.16 (95% CI 1.00 — 1.36). The AOR estimate for IL-1p was
0.76 (95% CI 0.59 - 0.97) and for G-CSF was 0.78 (95% CI 0.64 — 0.95).

Table 111 displays estimates from multivariable models derived from increasingly restrictive
non-mutually exclusive subsets of the study population based on time between sample
provision and pregnancy outcome—no restriction, more than 14 days, more than 21 days, more
than 28 days, and more than 35 days. Regardless of interval, confidence intervals included the
null value of 1 for IFN-v, IL-1ra, IL-4, and TNF-o. The AOR estimates for IL-1p progressively
moved further from the null as the time restriction went from no restriction (OR: 0.76, 95% ClI
0.59 - 0.97) to greater than 35 days (OR: 0.51, 95% CI 0.28 — 0.90). OR estimates for G-CSF
approached 1 with increasing time between sample collection and miscarriage, with an AOR
0f 0.96 (95% CI 0.72, 1.28) when the analysis was restricted to serum samples taken more then
35 days prior to miscarriage. Estimates for IL-6 and TPO were largely stable, though the AOR
for IL-6 was largest in the analysis restricted to samples collected more than 35 days prior to
miscarriage.

Case-crossover analysis

Table IV displays the results of the case-crossover analysis (n = 186). In this analysis, TPO
was associated with increased risk of miscarriage (AOR 2.78, 95% CI 1.48 — 5.22). The AOR
for IL-1p was high (3.37) but the 95% CI was wide and included 1 (0.76 — 14.84). None of the
other biomarkers was significantly associated with miscarriage risk.

Discussion

To our knowledge, this is the largest study to assess the circulating levels of cytokines and
growth factors in relation to risk of miscarriage using prospectively collected samples. We
observed an increased risk associated with higher levels of TPO and with lower levels of
IL-1p and G-CSF. The association with miscarriage persisted for IL-1p and TPO even when
assessment was restricted to those who provided serum 35 days or more prior to experiencing
miscarriage, suggesting a causal role in miscarriage. In contrast, the protective effect of G-CSF
observed in the analysis unrestricted by the interval between sample collection and miscarriage
was not observed with more restrictive definitions of this interval. In a case-crossover analysis,
which matched serum samples from case pregnancies to serum samples from normal
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pregnancies of the same women, elevated TPO, but not lower levels of IL-1f or of G-CSF,
was significantly associated with increased risk of miscarriage.

The observation of increased risk of miscarriage associated with higher circulating levels of
TPO was independent of the time between sample collection and miscarriage, and was also
observed in within-woman comparisons of TPO levels in miscarriage and normal pregnancy.
Whether altered circulating levels of TPO reflect local production at the feto-placental interface
has yet to be established, though a previous study reported elevated serum TPO during normal
pregnancy compared to non-pregnant levels (32), Although the biological significance of
increased TPO level in women experiencing miscarriage requires further investigation, TPO
is the primary growth-factor for the megakaryocyte lineage and may function as a non-
redundant hematopoietic cytokine throughout pregnancy (33). Thrombocytosis, commonly
observed in preterm infants, has been associated with elevated circulating levels of TPO
resulting from low platelet expression of TPO receptor that persists until one month after birth,
reducing TPO clearance. High levels of free TPO in blood is believed to promote platelet
production from megakaryocytes or their progenitors in bone marrow, resulting in
thrombocytosis in preterm infants (34). Additionally, TPO acting through hypoxia inducible
factor-1 has been shown to promote the expression of vascular endothelial growth factor
(VEGF), a potent mitogen and the primary factor involved in angiogenesis (33). Since
angiogenesis is critical in placentation and highly regulated by VEGF and oxygen pressure
(35), elevated TPO in miscarriage cases relative to controls may indicate that TPO exerts its
effect by mimicking hypoxia that eventually leads to fetal death.

We also observed a protective effect of G-CSF in the main analysis. However, in models
restricted to subsets of the population defined by the time between sample collection and
miscarriage, the protective effect disappeared as the interval increased. Thus, the association
of G-CSF with miscarriage risk may be acute, and would only be observed in samples collected
close to miscarriage; alternately, altered G-CSF levels may be a consequence rather than cause
of the miscarriage. It is unclear why G-CSF production might be reduced in response to
miscarriage. The AORs for G-CSF remained protective in all but those samples from 35 days
or more prior to miscarriage (data not shown). Additionally, among case samples there was
some overlap between those with short intervals to miscarriage and those where miscarriage
occurred early in pregnancy, potentially confusing these two issues. G-CSF may regulate
production of IFN-y (36), critical in early pregnancy for implantation and trophoblast invasion.
However, the precise physiologic role of G-CSF in pregnancy has not been established.

We observed low circulating levels of several cytokines— IL-1, IL-4, IL-6, IFN-y and TNF-
a—and lack of consistent associations with miscarriage risk. Other traditional Thl and Th2
cytokines, such as IL-2 and IL-10, were not detected in our preliminary study and thus not
included in this investigation. Previous reports have suggested a “Th2 bias” in successful
pregnancy (11,18,20,22,37-39), but results from human studies have not uniformly been in
agreement; some have yielded null findings (5,23,40-42) and others observed a protective
effect of certain Thl cytokines (41,42). A possible explanation for inconsistency in human
studies may be related to timing of sample collection relative to the miscarriage. Since our
study involved analysis of serum samples collected at least 10 days prior to diagnosis of the
miscarriage, we are better able to consider the conditions leading to demise of pregnancy than
analyses carried out using samples obtained during or immediately preceding the abortive
process (40,41). Our study conclusion is confined to circulating levels of these cytokines, which
were not elevated at the time of sample collection prior to miscarriage. We cannot comment
on local production. However, elevated serum cytokine levels are observed in certain
pathologies (20).
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Another limit to study inference regards our case definition; karyotype information on
miscarriages is not available, and thus cases likely include losses of some chromosomally
abnormal fetuses. Prior research suggests that fetal losses due to chromosomal defects tend to
occur early in pregnancy (43). Most miscarriages in our study occurred during the second
trimester of pregnancy, and effect estimates for TPO did not vary by gestational age at
miscarriage. Nevertheless, we cannot be certain that the observed relation is not affected by
karyotypic abnormalities.

Our study is among the largest studies to evaluate miscarriage risk and cytokines. We used
multivariable regression models to evaluate circulating levels of cytokines and risk of
miscarriage simultaneously for all measured cytokines, adjusting for maternal age (2,44).
Given the pleiotropic and redundant nature of cytokines, this multivariable approach is well
suited to evaluate the relations among cytokines and miscarriage. We used information
regarding timing, taking advantage of the prospective nature of the CPP, to account for GA at
entry to study, which might be systematically different between cases and controls. Moreover,
we considered the interval between sample collection and report of the miscarriage in order to
discriminate between changes in cytokine levels causally related to miscarriage and those
coincidentally related to miscarriage, occurring as a response to missed miscarriage.
Ultrasound studies have observed the interval between occurrence of fetal loss and its detection
to be up to several weeks (45,46). Thus, interpretation of studies that have not collected samples
from women prior to experiencing miscarriage is uncertain (11,19-21,37,38,46). We
conducted analyses by time between sample collection and diagnosis to help address this
concern. Finally, we conducted a small self-matched analysis using serum samples from
women who participated in the CPP multiple times with at least one pregnancy that ended in
miscarriage and at least one pregnancy that did not. Since all time-invariant factors are
inherently equal when comparing specimens from the same women taken at multiple time
points, the case-crossover analysis is an effective tool to address residual confounding.

In summary, we observed that higher circulating levels of TPO are significantly related to
increased risk of miscarriage in models adjusting for cytokines and maternal age. Our results
did not indicate a general increase in levels of Th2 cytokines in normal pregnancy. These results
may help to explain the complex molecular etiology of miscarriage; however, future study is
needed to better understand the molecular basis of miscarriage, and the utility of TPO as a
biomarker for early detection and perhaps as a target for treatment.
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Appendix

In consideration of the possible effects of the age and storage conditions of the serum samples
from the CPP, a feasibility study was conducted to evaluate their use for the current study. For
this study, CPP samples from women in the third trimester of normal pregnancies (“CPP
samples”) were randomly selected for inclusion in the feasibility study. Additionally, samples
were collected from patients at the University of Florida affiliated Shands Hospital seen at
routine prenatal visits; serum from 20 women at term (“UFL samples”) were obtained after
obtaining approval from the University of Florida Institutional Review Board. All samples
were assayed in duplicate for cytokine levels using the R & D Systems, Inc. (Minneapolis,
MN) Fluorokine MAP Multiplex Human Cytokine Panel A and the Luminex 1001S platform
(Luminex Corp, Austin, TX). Samples were also tested for IL-6 using standard ELIM assays
(R & D Systems, Inc., Minneapolis, MN). Samples were compared regarding the proportion
above the assay sensitivity limits, absolute values of each analyte, and assay reliability (test-
retest agreement).
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Levels of IL-1a, IL-2, IL-4, IL-5, IL-10, IL-17 and GM-CSF were consistently not detected in
both frozen CPP or UFL samples. For two cytokines, basic fibroblast growth factor (bFGF)
and VEGF, levels were detectable and measured with good reliability in UFL samples but not
detected in the frozen CPP samples. Conversely, IL-1p was detected in all CPP samples, albeit
at very low levels, but not detected in the fresh UFL samples. Similar proportions of CPP and
UFL samples measured detectable levels of IL-1RA and G-CSF. The cytokine TPO was
detected in all samples and at similar levels in CPP and UFL samples. Levels of TNF-a, IFN-
v, and IL-6 were detected in few samples in both of the groups. Standard ELISA assays for
IL-6 measured detectable levels in all samples at levels above the manufacturer’s reported
assay sensitivity limit; median concentrations were similar between groups. Additionally, the
cytokine levels we observed in the frozen CPP samples were similar to those published by
other investigations using freshly collected serum (141).

Test-retest reliability, as measured by intraclass-correlation coefficients (ICC), was above 0.95
for most consistently detected analytes. Among the CPP samples, an exception was IL-1p,
which had ICCs of 0.89. No ICC statistics were calculated for those cytokines not detected by
the assay—IL-1a, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, IFN-y, bFGF and GM-CSF.
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100

Figure 1. Circulating levels of thrombopoietin in miscarriage cases and controls of the study sample
by week of gestation at serum collection

A higher level of thrombopoietin in women whose pregnancy resulted in miscarriage compared
to those that did not is evident starting at approximately 8 weeks of gestation.

Y-axis label: Picograms/mL

X-axis label: Gestational age (weeks)
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Descriptive characteristics of the study population by case status (n = 812)
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Cases Mean (SE) Controls Mean (SE) P-value
Maternal age (years) 27.0(0.3) 25.5(0.3) <0.001
Maternal BMI 22.6(0.2) 225(0.2) 0.80
n (%) n (%)
Family income
(median income in 1961 = $5,700) 0.63
<$1,000 3(0.9) 7(1.9)
$1,000 - $2,999 72 (21.8) 67 (18.7)
$3,000 — $4,999 120 (36.4) 122 (34.0)
$5,000 - $6,999 66 (20.0) 84 (23.4)
$7,000 - $8,999 38 (11.5) 42 (11.7)
$9,000 + 31(9.4) 37 (10.3)
Cigarettes smoked per day at delivery 0.16
202 (51.6) 215 (58.0)
1-10 93 (23.4) 84 (22.6)
11-20 72 (18.1) 50 (13.5)
21+ 30 (7.6) 22 (5.9)
Maternal race 0.26
White 270 (61.5) 247 (66.4)
Black 145 (33.0) 103 (27.7)
other 24 (5.5) 22 (5.9)
Prior pregnancy losses <0.001
0 202 (50.9) 215 (58.0)
1 93 (23.4) 84 (22.6)
2 72 (18.1) 50 (13.5)
3+ 30 (7.6) 22 (5.9)
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Medians and interquartile range for serum cytokine concentrations, as determined by multiplex assays, in serum samples
—frozen samples from the Collaborative Perinatal Project and fresh samples from the University of Florida.

Factor CPP samples UFL samples— 3" trimester
Median IQR® Median IQR®
IL-1a 0 0-0 0 0-0
IL-1B 0.5 0.3-06 0 0-0
IL-1RA 3455 263.2-4575 100.7 38.8-167.7
1L-2 0 0-0 0 0-0
IL-4 0 0-0 0 0-0
IL-5 0 0-0 0 0-0
IL-6 0 0-0 0 0-0
I1L-10 0 0-0 0 0-0
IL-17 0 0-0 0 0-0
FGFb 0 0-0 111 10.5-13.5
G-CSF 6.7 3.9-109 4.1 31-58
GM-CSF 0 0-0 0 0-0
IFN-y 0.0 0.0-1.0 0 0-
TNF-o 11 11-11 0.9 06-17
TPO 83.6 50.1-106.5 99.7 76.6 - 123.9
VEGF 14 1.1-21 14 14-18
IL-6, ELISA 21 15-31 25 21-43

aIQR, interquartile range, shows the 25th _ 75th percentiles

Abbreviations: CPP, Collaborative Perinatal Project; UFL, University of Florida

Fertil Steril. Author manuscript; available in PMC 2008 July 20.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Whitcomb et al.

Table A2

Page 16

Reliability of multiplex assays for measurement of cytokine concentrations in serum samples—frozen samples from
the Collaborative Perinatal Project and fresh samples from the University of Florida.

Factor CPP samples UFL samples
ICC Detected ICC Detected

IL-1a - 0 - 0
IL-18 0.894 100 - 0
IL-1RA 0.996 100 0.824 90
1L-2 - 0 - 0
IL-4 - 0 - 5
IL-5 - 0 - 0
IL-6 - 0 10
IL-10 - 0 - 0
1L-17 - 0 - 0
FGFb - 0 0.989 100
G-CSF 0.994 90 0.743 95
GM-CSF - 0 - 0
IFN-y - 0 - 5
TNF-a 0.995 10 0.941 100
TPO 0.998 100 0.856 100
VEGF 0.912 20 0.954 95
IL-6, ELISA 0.918 100 0.984 100

Abbreviations: ICC, intraclass correlation statistic; CPP, Collaborative Perinatal Project; UFL, University of Florida
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