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Fetal-placental inflammation, but not adrenal activation,
Is associated with extreme preterm delivery
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Alan Leviton, MD; Joseph A. Majzoub, MD; for the Extremely Low Gestational Age Newborns (ELGAN) study investigators

OBJECTIVE: Spontaneous labor at term involves the activation of pla-
cental corticotropin-releasing hormone and the fetal adrenal axis, but
the basis for extreme preterm labor is unknown. Our objective was to
determine whether placental corticotropin-releasing hormone is acti-
vated in extreme preterm labor.

STUDY DESIGN: One thousand five hundred six mothers delivering at less
than 28 weeks’ gestation were enrolled. Each mother/infant pair was as-
signed to the category that described the primary reason for hospitalization.
Observers who had no knowledge of patient categorization assessed pla-
centa microbiology, histology, and corticotropin-releasing hormone expres-
sion. These were correlated with the primary reason for hospitalization.

RESULTS: Among infants delivered at less than 28 weeks’ gestation,
spontaneous (vs induced) delivery was associated with less placental
corticotropin-releasing hormone expression and more frequent signs of
placental inflammation and infection.

CONCLUSION: Inflammation and infection, rather than premature acti-
vation of the fetal adrenal axis, should be the major focus of research to
prevent extremely preterm human birth.
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In normal parturition, prostaglandins
initiate uterine contraction, aided by
a fall in progesterone’s effect to maintain
uterine quiescence."” As in other mam-
mals, activation of the human fetal adre-

livery likely differ in ways that should guide
the development of better diagnostic and
therapeutic interventions.®

risk of neurologic disorders in ELGANs.”
During the years 2002-2004, women deliv-
ering between a gestation of 22 weeks 0
days and 27 weeks 6 days at 1 of 14 partic-
ipating institutions in 11 cities in 5 states

nal axis plays an important role in normal
term parturition, with anthropoid pri-
mates uniquely using placental corticotro-
pin-releasing hormone (CRH) to drive
this process.3 7 However, the mechanisms
that lead to normal and very preterm de-

MATERIALS AND METHODS

Study population

The Extremely Low Gestational Age New-
borns (ELGAN) study was designed to
identify pregnancy and neonatal charac-
teristics and exposures that increase the
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were asked to enroll in the study. The indi-
vidual institutional review boards ap-
proved the enrollment and consent pro-
cesses. Mothers were approached for
consent either upon antenatal admission
or shortly after delivery, depending on
clinical circumstance and institutional
preference.

Of 1506 infants enrolled in the ELGAN
study, placentas were collected from
1411, ribonucleic acid (RNA) was pre-
pared from 1370, and 1219 contained
nondegraded RNA. These 1219 placen-
tas constitute the sample for all the ta-
bles. The 3 samples (1506, 1411, and
1219) are comparable in their propor-
tion of children delivered for maternal
and fetal reasons and the distribution of
gestational ages and birthweights.

Pregnancy variables

The clinical circumstances that led to
preterm delivery were operationally de-
fined using both data from the maternal
interview and data abstracted from the
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FIGURE 1

Placental CRH mRNA (qRT-PCR), gestational ages 23-27 weeks
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Delivery indication

Abrupt, placental abruption (n = 125); CI, cervical incompetence (n = 74); CRH, corticotropin-releasing hormone; F, fetal indication
(n = 62); PE, preeclampsia (n = 163); pPROM, prelabor premature rupture of membranes (n = 253); PTL, preterm labor (n = 542);
QRT-PCR, quantitative reverse transcription-polymerase chain reaction.
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medical record.'” Each mother/infant
pair was assigned to the category that de-
scribed the primary reason for hospital-

ization: preterm labor was defined as
progressive cervical dilation with regular
contractions and intact membranes. The

FIGURE 2
Placental CRH mRNA (RNA blot), gestational ages 23-27 weeks
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Delivery indication

Abrupt, placental abruption (n = 96); Cl, cervical incompetence (n = 59); CRH, corticotropin-releasing hormone; £/, fetal indication (n =
50); PE, preeclampsia (n = 129); pPROM, prelabor premature rupture of membranes (n = 206); PTL, preterm labor (n = 415).
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diagnosis of preterm premature rupture
of fetal membranes (pPROM) was de-
fined as the presence of vaginal pooling
with either documented nitrazine posi-
tive testing or ferning prior to regular
uterine activity. Preeclampsia was de-
fined as new-onset hypertension and
proteinuria of sufficient severity to war-
rant delivery for either a maternal or fetal
indication.

For a diagnosis of cervical insuffi-
ciency, awoman had to present with cer-
vical dilation of greater than 2 cm, in the
absence of membrane rupture and de-
tected or perceived uterine activity. Pla-
cental abruption was defined as presen-
tation with significant amount of vaginal
bleeding (either documented in the
medical record or a postpartum hemat-
ocrit <24%) and a clinical diagnosis of
placental abruption in the absence of
cervical change. Although painful uter-
ine contractions were not required, most
women given this diagnosis tended to
present with vaginal hemorrhage often
accompanied or very soon followed by
labor.

In addition, placenta abruption, as de-
fined, tended to be much more like the
other spontaneous disorders of labor,
prelabor rupture of membranes, and
cervical insufficiency.'”'" Presentations
under the category of fetal indication/in-
trauterine growth restriction included
severe intrauterine growth restriction
based on antepartum ultrasound exami-
nation, nonreassuring fetal testing, oli-
gohydramnious, and Doppler abnor-
malities of umbilical cord blood flow.

Preterm labor, prelabor premature rup-
ture of fetal membranes, cervical insuffi-
ciency, and placental abruption were then
grouped into spontaneous deliveries be-
cause they were initiated without medical
assistance. “Induced for maternal or fetal
reasons” is applied to deliveries that were
not initiated by the mother or fetus but by
the physician to preserve the health of
mother or fetus.

Placenta characteristics

Delivered placentas were placed in a ster-
ile examination basin and transported to
a sampling room. Eighty-two percent of
the samples were obtained within 1 hour
of delivery.
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CRH messenger RNA content: RNA isola- [ )
tion. In placentas from which RNA was TABLET . . e e e
prepared, CRH and ACTB mRNA (actin Percent of infants by delivery indication (column)
B, a control messenger RNA [mRNA] and characteristic (row)
ubiquitously expressed in all cells) ex- Delivery indication Row
pression wasanalyzed by quantitativere- | oo e PIL  pPROM Cl  Abrupt Fl  PE  number
verse transcription-polymerase chain re- .
action (PCR) and RNA blot. Biopsies of Antenatal steroid course
the fetal side of the placenta to a depth of Complete 25 73 78 62 66 67 771
approximately 1 cm (~500 mg) were ob- Partial 32 21 19 16 18 30 320
ta'med shortly after birth, frozen in liquid None 13 6 3 29 16 3 126
nitrogen, and stored at —80°C. Samples ;
(~100 mg) were crushed to a fine pow- Cesarean delivery
der in dry ice, and total RNA was ex- Yes 52 60 62 68 95 98 782
tracted using TRI reagent (Sigma, St Sex
Louls,, MO) acFordlng to the manufac- Male 57 53 59 59 48 44 652
turer's mstructions. -

Control RNA was isolated from 7 nor- Type of gestation
mal term placentas delivered by cesarean Singleton 59 70 58 74 44 94 812
section and pooled. This RNA was used Gestational age, wks
to create CRH and J.XCTI? complemen- 2324 39 26 39 33 16 127 340
tary deoxyribonucleic acid (cDNA) to
make standard curves for quantitative 25-26 40 43 51 42 48 4 o
polymerase chain reaction (qQPCR) anal- 27 28 32 9 25 35 40 358
ysis (see the following text). Serial dilu- Birthweight, g
tions of this RNA were also d1rect¥y ana- 750 38 39 42 38 68 67537
lyzed for CRH mRNA expression to
establish a linear range for RNA blot 751-1000 42 39 42 4 19 %6 469
quantification (see the following text). >1000 20 22 16 14 13 7 213

Birthweight

CRH mRNA q‘ua'ntztatzon by quantzfatwe =75 1 5 0 4 39 31 92
reverse transcription-polymerase chain re- .
action (RT-PCR). Complementary DNA Z-score
was prepared in 10 pL reactions using =-2,<-1 10 9 3 6 23 39 166
iScript cDNA synthesis (Bio-Rad Labo- =_1 89 86 97 90 45 30 961
ratories, Hercules, CA) and 0.5 ugof pla- | ey 542 253 74 125 62 163 1219

cental RNA. Subsequently, 2 uL of this
reaction was amplified by qPCR using IQ
SYBR Green Supermix (Bio-Rad Labo-
ratories), a Bio-Rad iQ5 qPCR appara-
tus, and the following primers: CRH for-
ward primer, AGA GAA AGC CCC CGG
AGA, CRH reverse primer, ATG TTA
GGG GCA CTC GCT TC, ACTB for-
ward primer, CGC GAG AAG ATG ACC
CAG AT, ACTB reverse primer, GTA
CAT GGC TGG GGT GTT G.

The qPCR conditions consisted of de-
naturation (95.0°C for 3 minutes) and
amplification (95.0°C for 10 seconds,
60.0°C for 40 seconds, repeated for 45
cycles). The standards were prepared by
PCR amplification using these same
primers and control placenta RNA (see
the preceding text). ACTB results were
used to confirm the quality of the mRNA

Columns contain column percents.

rupture of membranes; PTL, preterm labor.
2 Yudkin standard.?”

.

Abrupt, placental abruption; CI, cervical insufficiency; FI, fetal indication; PE, preeclampsia; pPROM, prelabor premature

Trivedi. Fetal-placental inflammation, not adrenal activation, in extreme preterm delivery. Am ] Obstet Gynecol 2012.

and correct for total RNA amount. Of
the 1370 samples, 151 contained de-
graded RNA (as judged by lack of ACTB
and CRH signals by qRT-PCR), so that
final analyses were performed on 1219
samples.

To normalize the results among the
different experimental runs, all CRH
standards across all 17 qPCR runs were
averaged, and each of the 1219 experi-
mental samples was evaluated against
that average CRH standard curve. Simi-
larly, all ACTB standards across all 17
qPCR runs were averaged and each of the

236.e3 American Journal of Obstetrics & Gynecology MARCH 2012

1219 experimental ACTB values was
evaluated against that average ACTB
standard curve. Each CRH value was
then divided by its corresponding ACTB
value to obtain the relative CRH mRNA
concentrations, which are displayed in
Figure 1 and Tables 1-7.

CRH mRNA quantification by blot hybrid-
ization. We initially analyzed the RNA by
blot hybridization'* to examine CRH
mRNA expression in different placental
regions and to assess CRH mRNA integ-
rity and stability during the collection
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TABLE 2

Percent® of placentas with CRH expression in highest
quartile for gestational age and delivery indication

Delivery indication

Gestational age, wks PTL pPROM CI Abrupt FI PE Row percentage
23-24 6 14 17 17 30 70 15
25-26 15 9 13 23 37 72 24
27 22 24 29 26 55 79 35
Column percentage 14 15 16 22 42 74 25

The columns are ordered by increasing total percentage of CRH in the highest quartile.
Abrupt, placental abruption; C/, cervical incompetence; CRH, corticotropin-releasing hormone; Fi, fetal indication; PE, pre-
eclampsia; pPROM, prelabor premature rupture of membranes; PTL, preterm labor.

a Cell-specific.

Trivedi. Fetal-placental inflammation, not adrenal activation, in extreme preterm delivery. Am J Obstet Gynecol 2012.
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process. We subsequently found that
samples from all 4 placental quadrants
had equivalent expression of CRH
mRNA and that it remained intact for up
to 10 hours at room temperature prior to
sample retrieval and storage at —80°C.
The control RNA was used to normalize
the relative amount of CRH mRNA in
the experimental samples among the 68
blots, which differed slightly because of
variations in probe labeling, hybridiza-
tion, washing, and exposure.

To correct for the amount of total RNA
loaded within each gel, each filter was
stripped and rehybridized to a **P-uridine
5-triphosphate-labeled antisense human
beta-actin ACTB (Ambion, Austin, TX) ri-
boprobe. Of the 1370 samples, 415 con-

tained undetectable ACTB mRNA and
were considered to contain degraded RNA,
so that final analyses were performed on
955 samples. Each CRH mRNA value
was then divided by its corresponding
ACTB mRNA value to obtain relative
CRH mRNA concentrations, which are
displayed in Figure 2. The RNA blot and
qRT-PCR methods revealed similar rela-
tionships between CRH mRNA expres-
sion and placental and pregnancy char-
acteristics, except that CRH mRNA
measurement by RNA blot was less sen-
sitive and more variable (Figures 1 and 2
and data not shown).

Microbiology. The microbiologic proce-
dures are described in detail elsewhere.”

Ve

TABLE 3

N\

0dds ratios (95% confidence intervals) for CRH expression in
highest quartile associated with each pregnancy disorder

Adjustment
Pregnancy disorder None GA? only GA? plus ACS®
Preterm labor 1.0 1.0 1.0
Prelabor premature rupture of 1.1 (0.7-1.6) 1.0 (0.7-1.6) 1.0 (0.7-1.6)
membranes
Preeclampsia 17 (11-27)° 16 (11-25)° 17 (11-16)°
Abruption 1.7 (1.02-2.7)° 1.7 (1.05-2.8)° 1.7 (1.05-2.8)°
Cervical insufficiency 1.2 (0.6-2.3) 1.4 (0.7-2.7) 1.4 (0.7-2.7)
Fetal indication 4.4 (2.5-7.6)° 41(2.3-7.3° 41 (2.3-7.3°

The adjustments are listed at the top of each column. Preterm labor, the pregnancy disorder that had the lowest rate of
physician-ordered ACS exposure, was set as the referent group.
ACS, antenatal corticosteroid; CRH, corticotropin-releasing hormone; GA, gestational age.

3 GA; 23—24, 25—26, 27 weeks; ® ACS; complete, partial, none; © Statistically significant elevated values.

Trivedi. Fetal-placental inflammation, not adrenal activation, in extreme preterm delivery. Am J Obstet Gynecol 2012.

Briefly, the frozen samples were allowed
to thaw at room temperature, a portion
approximately 1 cm”® was removed and
weighed, and then diluted 1:10 with ster-
ile phosphate-buffered saline, homoge-
nized, and plated on selective and non-
selective media, including prereduced
brucella-base agar with 5% sheep blood
enriched with hemin and vitamin K,
tryptic soy agar with 5% sheep blood,
chocolate agar, and A-7 agar.

Histology. The ELGAN pathologists par-
ticipated in the creation of the manual of
procedures as well as in defining the histo-
logic characteristics and designing the data
collection form.** In addition, they partic-
ipated in exercises to reduce observer
variability.

In keeping with the guidelines of the
1991 College of American Pathologists
Conference,’® representative sections
were taken from all abnormal areas as
well as routine sections of the umbilical
cord and a membrane roll and full-thick-
ness sections from the center and a para-
central zone of the placental disc.

Study pathologists examined the slides
for histologic characteristics listed on a
standardized data form. For multiple
births, separate forms were filled for each
newborn. Twins with fused placentas
also had multiple forms filled.

The presence or absence of infarcts
and intervillous fibrin, fetal stem vessel
thrombosis, and decidual hemorrhage
and fibrin deposition consistent with ab-
ruption were coded as present or absent.
Chorionic villi were scored for syncytial
knots (0, no; 1, occasional; 2, increased).

Inflammation of the membranes was
described in detail. Level 3 severity of
chorionic plate inflammation required
more than 20 neutrophils/20x. Grade 3
inflammation of the amnion required
numerous large or confluent foci,
whereas grade 4 required necrosis. In-
flammation in the chorion/decidua was
similarly, but separately, graded.

Inflammation in the umbilical cord
was graded from 0 to 5. Grade 3 required
neutrophils in perivascular Wharton’s
jelly, grade 4 required panvasculitis and
umbilical cord vasculitis extending deep
into Wharton’s jelly, and grade 5 re-
quired a halo lesion (ring of precipitate

MARCH 2012 American Journal of Obstetrics & Gynecology 236.e4
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in Wharton’s jelly encircling each ves- [ e )
sel). Neutrophilic infiltration into fetal . . o -

. o Placenta histologic characteristics associated
stem vessels in the chorionic plate re- T el e (T oy
quired that neutrophils appeared to have P P
migrated toward the amnionic cavity. CRH quartile
. Placenta histologic characteristic Lowest Highest
Newborn blood spot collection —
. None of the 8 characteristics 1.0 1.0
and measurement of proteins
from blood spots Infarct 1.7 (1.1=2.7)* 3.3 (2.2-5.0)
The collection of newborn whole blood, Increased syncytial knots 1.1(0.7-1.8) 3.2(2.2-4.6?
preparation of dry blood spots, and their Inflammation chorion/decidua® 1.8 (1.3-2.4) 0.5(0.3-0.7)°
processing for Prqgein analysis is de- | |nflammation chorionic plate® 1.6 (1.1-2.3 0.3 (0.2-0.6)°
scribed elsewhere. ™ Briefly, after the | o yonnicin fotal stem vessels 16 (1.1-2.37 0.5 (0.3-0.8)°
newborn’s blood was drawn on postna- - e - .
tal day 1 for clinical indications, the tip of Umbilical cord vasculitis 1.7(1.1-2.5) 0.4(0.2-0.7)
the syringe containing the remainder Thrombosis fetal stem vessels 2.0(1.1-3.7)* 1.4 (0.7-2.7)
was blotted with filter paper and stored Neutrophils in fetal stem vessels 1.9 (1.2-2.8)2 1.3 (0.8-2.1)
at —80°C. Protein elution from 12 mm Odds ratios (and 95% confidence intervals) for being in the lowest or highest CRH quartile associated with each histologic
punched biopsies of the frozen blood characteristic listed on the /eft. The referent group for all comparisons consists of infants whose placentas had none of the
R 16,17 histologic features. The models are adjusted for gestational age.

spots was per formed as described. CRH, corticotropin-releasing hormone.
The following 25 proteins were mea- a Statistically significant elevated values; © Grades 3 and 4; ° Statistically significant reduced values; ¢ Stage 3 and severity 3;
sured by the Meso Scale Discovery mul- ; _Grzd_eia' j’ al”d > L ) renalactivation. delivery. Am ] Obstet Gymecol 2012

. . . Fetal- tion, , in ext t ] :
tlplex platform (MSD’ Galthersburg’ . rivedi. retal-pi acenta mﬂamma 10m, not adrenal activation, in exi reme preterm delivery. Am stet ryneco y

MD) as described'®: C-reactive protein
(CRP), serum amyloid A (SAA), myelo-
peroxidase (MPO), interleukin (IL)-1p,
IL-6, IL-6R, tumor necrosis factor
(TNF)-a, tumor necrosis factor receptor
(TNF-R)-1, TNF-R2, IL-8, monocyte che-
motactic protein (MCP)-1, MCP-4, mac-
rophage inflammatory protein (MIP)-1p,
regulated upon activation, normal T cell
expressed, and secreted (RANTES), inter-
feron-inducible T cell alpha-chemoattrac-
tant (I-TAC), intercellular adhesion mole-
cule (ICAM)-1, ICAM-3, vascular cell
adhesion molecule (VCAM)-1, E-selec-
tin (E-SEL), matrix metalloproteinase
(MMP)-1, MMP-9, vascular endothe-
lial growth factor (VEGF), vascular en-
dothelial growth factor receptor (VEGE-
R)-1, VEGF-R2, and insulin-like growth
factor binding protein (IGFBP)-1.

In light of the observations that pro-
tein concentrations varied with gesta-
tional age at delivery,'® the concentra-
tions of most proteins did not follow a
normal distribution, and because we
were interested in the contribution of
high concentrations, we dichotomized
the distribution of each protein’s con-
centration at the 75th centile among
children in each gestational age category
(ie, 23-24, 25-26, 27 weeks).

Data analysis

We evaluated the generalized null hy-
potheses that CRH mRNA expression in
the placenta is not associated with the
following: (1) the pregnancy disorder
thatled to preterm birth, (2) the recovery
of an organism from the placenta paren-
chyma, (3) any histologic lesion of the
placenta, (4) a concentration in the high-
est quartile for gestational age category
on the first postnatal day of any inflam-
mation-related protein; and (5) antena-
tal corticosteroid treatment.

CRH mRNA quantitation was per-
formed without the knowledge of any
other data associated with the study sub-
jects. In the entire ELGAN study sample,
the pregnancy disorder that preceded
preterm delivery,'” organism recovery
from the placenta,13 histologic charac-
teristics of the placenta,"*'? concentra-
tion of inflammation-related proteins in
the newborn’s circulation,'”*® and CRH
content of the placenta (Tables 1 and 2)
varied with gestational age at delivery.
We adjusted for gestational age in groups
of weeks (23-24, 25-26, 27).

We summarize some of our data with
box and whiskers displays of the central
tendency and dispersion of CRH mRNA
content in infants grouped by the preg-

236.5 American Journal of Obstetrics & Gynecology MARCH 2012

nancy disorder that led to their delivery
so early before term (Figures 1 and 2).
The central tendency is indicated by the
line close to the middle of the box, which
is the median, and by the top and bottom
of each box, which indicate the 25th and
75th centiles. The dispersion of CRH
mRNA content is indicated by the length
of the vertical lines that emanate from
the box as well as by the block dots,
which identify outliers. We did not see a
route of delivery effect (vaginal vs cesar-
ean) on CRH mRNA content in any of
our analyses. Thus, we did not adjust for
route of delivery in this study.

We created multinomial (also called
polytomous or polychotomous) logistic
regression models to evaluate the risk of a
CRH mRNA concentration in the lowest
and highest quartiles with the middle half
as the referent. The contributions of ante-
cedents/correlates are presented as risk ra-
tios with 95% confidence intervals.

Because gestational age, pregnancy
disorder, placenta histology, placenta
microbiology, and CRH mRNA content
were highly interrelated, we conducted
additional analyses in 2 subgroups: those
with spontaneous deliveries and those
delivered for maternal or fetal reasons.
Odds ratios for lowest and highest CRH
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( T ) pregnancies of extremely low gestational
10
i o . . age (<28 weeks) newborns "~ and related
Ofddsf Iratlos §95A; cgnf|d1e|tl)cl:e I(Iiltervals) for markers these to the pregnancy disorders that
UL LBV UL GV ALY lead to very preterm delivery (Table 1).
CRH quartile Surprisingly, we found that spontaneous
. - preterm deliveries were associated with
Protein Lowest Highest lower CRH expression and higher fre-
CRP 1.0 (0.6-1.5) 0.7 (0.4-1.01) quency of markers of placental inflam-
SAA 9(0.6-1.4) 6(0.4-0.98)" | mation and infection than deliveries in-
MPO 1(0.7-1.6) 6 (0.4-0.9) duced for maternal or fetal reasons.
In our cohort, the placentas of women
IL-1 5(1.01-2.1)° 0.5-1.1 »thep
B ( ) 81 ) who were induced to deliver because of
IL-6 1(0.7-1.6) 6 (0.4-0.97 preeclampsia tended to have the highest
IL-6R 5(1.02-2.2)° 6(0.4-0.97* | CRH expression, those who were in-
TNF-a 4 (0.96-2.0) 5 (0.4-0.8)° duced to deliver for a fetal indication had
TNF-RY 1(08-1.7) 6 (0.4-0.95)° intermediate CRH expr'ession, and those
; from women who delivered spontane-
TNF-R2 7(11-25) 6 (0.4-0.99 ously had the lowest CRH expression
IL-8 (CXCL8) 6 (1.1-2.4)° 8(0.5-1.2) (Figure 1 and Tables 2 and 3). As gesta-
MCP-1 (CCL2) 9(0.6-1.4) .0(0.7-1.5) tional age at birth increased, so did the
MCP-4 (CCL13) 107-16) 107-18) p'erc§nt of p!acentas tha.t had CRH expres-
sion in the highest quartile (Table 2). How-
MIP-1B (CCL4) 15(1.02-2.2° -7 (0.4-1.00) ever, these differences in CRH among the
RANTES (CCL5) 4(0.9-2.0) .7(0.5-1.1) various pregnancy disorders are not ex-
[-TAC (CXCL11) 1(0.8-1.7) 7(0.5-1.1) plained by disparities in gestational age or
ICAM-1 (CD54) 3(09-2.0) 6 (0.4-0.9° anten.atgl cortic.osteroid use.(Table ?). The
. association of induced delivery with the
ICAM-3 (CD50) 2(08-1.7) 5(0.3-0.7) highest quartile of the CRH RNA quartile
VCAM-1 (CD106) 2(0.8-1.9) .5(0.3-0.8)° was thus not confounded by corticosteroid
E-SEL (CD62E) 4(0.97-2.1) 3(0.2-0572 | receipt.
NMMP-1 8(06-1.3) 6 (0.4-0.9° Placentas that had an in.farct or an in-
. creased number of syncytial knots were
MMP- 206-14) 5(0.3-0.7) significantly more likely than those with-
VEGF 5(1.00-2.1) .5(0.3-0.8)° out these characteristics to have a CRH
VEGF-R1 9(0.6-1.4) 5(0.99-2.1) concentration in the highest quartile,
VEGF-R2 5 (1.01-2.1)° 5 (0.4-0.8)° even after adjusting for gestational age
(Table 4). In contrast, placentas that had
IGFBP-1 0.8 (0.5-1.2) 1.9 (1.3-2.8)

0dds ratios (and 95% confidence intervals) of a day 1 concentration in the highest quartile for gestational age of the protein
listed on the left associated with CRH expression in the lowest and highest quartiles relative to that of children whose CRH

mRNA was in the middle 2 quartiles.

CCL, chemokine ligand; CD, cluster of differentiation; CRH, corticotropin-releasing hormone; CRP, C-reactive protein; CXCL, C-X-C
motif ligand; £-SEL, E-selectin; ICAM, intercellular adhesion molecule; /GFBP, insulin-like growth factor binding protein; /L, interleukin;
I-TAC, interferon-inducible T cell alpha-chemoattractant; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory
protein; MVP, matrix metalloproteinase; MPO, myeloperoxidase; RANTES, regulated upon activation, normal T cell expressed, and
secreted; SAA, serum amyloid A; TNF, tumor necrosis factor; VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial

growth factor.

a Statistically significant reduced values; ° Statistically significant elevated values.
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quartile associated with inflammation-
related proteins and placental micror-
ganisms were calculated using the mid-
dle 2 quartiles as the referent group.

To assess the contribution of a partial or
complete course of antenatal corticoste-
roid to the CRH mRNA content, we cre-
ated multivariable models of the risk of a
CRH mRNA concentration in the highest

quartile that included each pregnancy dis-
order, gestational age groups, and the an-
tenatal corticosteroid course. Multiple
separate courses were not evaluated.

RESULTS
We measured placental CRH expression
and other characteristics in the 1219

inflammation were significantly less
likely than placentas without inflamma-
tion to have a CRH concentration in the
highest quartile and at increased risk of
having a CRH concentration in the low-
est quartile.

The histologic characteristics less clearly
associated with inflammation (thrombosis
of the fetal stem vessels, decidual hemor-
rhage, and fibrin deposition) were also as-
sociated with an increased risk of a CRH
concentration in the lowest quartile. Pla-
centa infarcts were also associated with in-
creased odds of being in the lowest CRH
quartile (Table 4).

As further evidence for an association
between inflammation and low placental
CRH expression, those newborns whose
placental CRH concentration was in the
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lowest quartile were more likely to have
an elevated concentration in day 1 blood
of IL-1B, IL-6R, TNF-R2, IL-8, MIP-18,
and VEGF-R2 (Table 5). In contrast,
those with CRH in the highest quartile
were significantly less likely to have an
elevated concentration in day 1 blood of
SAA, MPO, IL-6R, TNFa, TNF-RI,
TNF-R2, ICAM-1, ICAM-3, VCAM-1,
E-SEL, MMP-1, MMP-9, VEGF, and
VEGEF-R2 and more likely to have an el-
evated concentration of IGFBP-1.

One potential cause of inflammation
during pregnancy is infection. Compared
with placentas that did not yield any or-
ganism, those that harbored any of the
group of organisms evaluated (ie, pure cul-
tures, mixed cultures, aerobe, anaerobes,
Mycoplasma species, normal skin flora, or
normal vaginal flora) were at significantly
reduced risk of having a CRH concentra-
tion in the highest quartile (Table 6).

All of the preceding data document that
preeclampsia and inflammatory preg-
nancy disorders have opposite relation-
ships with CRH expression. To evaluate
whether inflammation had an indepen-
dent effect (separate from the one reflect-
ing merely the absence of preeclampsia),
we limited 1 set of analyses to placentas of
infants delivered spontaneously and ex-
cluded placentas of infants induced to de-
liver for maternal or fetal indications, in-
cluding preeclampsia and fetal growth
restriction (Table 7). In a model with ges-
tational age variables only (left data col-
umn), low gestational age was associated
with the lowest CRH mRNA concentra-
tions. Histologic inflammation variables
by themselves were also strongly associated
with low CRH expression (middle data
column). When variables for both gesta-
tional age and histologic inflammation
were evaluated in the same model, the
strong relationship between inflammation
and low CRH expression persists, as does
the strong relationship between low gesta-
tional age and low CRH expression (right
data column).

COMMENT

In this large cohort of prospectively en-
rolled infants delivered prior to 28 weeks,
the expression of CRH was lowest in the
placentas of infants who delivered sponta-

TABLE 6
Odds ratios (95% confidence intervals) for CRH expression quartile
associated with placental organisms

CRH quartile

Microorganism Lowest Highest
No organism 1.0 1.0
Number of species isolated

1 3(0.9-1.8) 0.5 (0.3-0.7)*

=2 2 (0.8-1.6) 0.4 (0.3-0.6)
Any organism 2(0.9-1.6) 0.5 (0.3-0.6)
Any aerobe 1.3(0.9-1.7) 0.4 (0.3-0.6)
Any anaerobe 1(0.8-1.6) .6 (0.4-0.8)%
Any mycoplasma 5(0.97-2.3) 0.2 (0.1-0.4)
Skin organisms® 1.0 (0.7-1.4) 0.5 (0.4-0.7)
Vaginal organisms® 1.1 (0.7-1.6) 0.4 (0.2-0.6)

The referent group for all comparisons consists of infants whose CRH expression was in the middle 2 quartiles. Data are

adjusted for gestational age.
CRH, corticotropin-releasing hormone.

2 Statistically significant reduced values; ® Corynebacterium sp, Propionebacterium sp, Staphylococcus sp; © Prevotella bivia,

Lactobacillus sp, Peptostrep magnus, Gardnerella vaginalis.
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neously and highest in those of infants de-
livered for maternal or fetal reasons. The
one claim that CRH mRNA expression is
higher in preterm placentas that are in-
flamed, which is contrary to what we
found, was based on only 6 inflamed pla-
centas (vs 481 in our cohort) and did not
compare these placentas with any deliv-
ered for fetal or maternal reasons.”’
Supporting our results, Struwe et al*' re-
ported elevated CRH expression in placentas
of infant with intrauterine growth restriction.
They also found increased expression of pla-

cental IGFBP-1,>' consistent with our
findings in newborn blood. We found that
spontaneous deliveries were most likely as-
sociated with infection and inflammation
of the placenta and with systemic inflam-
mation. These findings were not due to dif-
ferences in gestational length or antenatal
steroid use or whether preeclampsia was
present.

Our study has several strengths. First, we
included a large number of infants, mak-
ing it unlikely that we have missed impor-
tant associations because of the lack of sta-

-
TABLE 7

reasons for preterm delivery

~

Odds ratios (95% confidence intervals) of lowest CRH mRNA expression
quartile associated with gestational age, inflammation, and both
gestational age and inflammation, among pregnancies with spontaneous

Variable GA alone Inflammation alone GA and inflammation
Inflammation® — 1.9 (1.4-2.5)° 1.8 (1.3-2.4)°

GA 23-24 wk 2.3(1.6-3.4)"° — 2.2 (1.5-3.1)°

GA 25-26 wk 1.3(0.9-1.9) — 1.3(0.9-1.8)

CRH, corticotropin-releasing hormone; GA, gestational age.

vasculitis; ° Statistically significant elevated values.

0dds ratio (95% confidence interval) for being in the lowest CRH quartile associated with inflammation and gestational age
among infants delivered for preterm labor, prelabor premature ruptured membranes, abruption, or cervical insufficiency.
Infants delivered for maternal or fetal reasons have been excluded.

Inflammation of the chorion/decidua or chorionic plate, neutrophilic infiltration of the fetal stem vessels, and umbilical cord

Trivedi. Fetal-placental inflammation, not adrenal activation, in extreme preterm delivery. Am ] Obstet Gynecol 2012.
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tistical power. Second, we selected infants
based on gestational age, not birthweight,
to minimize confounding because of fac-
tors related to fetal growth restriction.
Third, we collected all of our data prospec-
tively. Fourth, the examiners were not
aware of the medical histories of the pla-
centas they examined, thereby minimizing
bias. Fifth, we measured CRH mRNA ex-
pression using 2 completely different
methods that yielded similar results. Sixth,
our protein data are of high quality and
have high content validity.'""'® The weak-
nesses of our study are those of all observa-
tional studies. We are unable to distinguish
between causation and association as ex-
planations for what we found.

Although normal delivery near term
depends on linking the timing of fetal
maturation to parturition via the fetal
adrenal-placental unit driven by placen-
tal CRH,>*>” extreme preterm delivery
is likely driven by different mechanisms,
conceptualized as the preterm parturi-
tion syndrome.”* For example, a single
measurement of maternal blood CRH at
16-20 weeks’ gestation predicted the
timing of spontaneous labor in an unse-
lected population of pregnant women’
but not in women at high risk for pre-
term delivery.*

Progesterone supplementation is only
half as effective preventing extreme pre-
term delivery as compared with later re-
current preterm delivery.24 In addition,
early preterm labor is more likely than
term labor to be associated with intra-
uterine infection and cytokine produc-
tion.”> Cytokines, via the prostaglandins
that they stimulate,”® increase uterine
contraction®” and might directly initiate
labor, independent of fetal signals and rel-
atively unresponsive to progesterone’s
quiescent effects.

In summary, among infants born be-
fore the 28th week of gestation, sponta-
neous deliveries were not associated with
premature activation of the fetal adrenal
axis, but were associated with inflamma-
tion. This suggests that the latter should
be the major focus of research to prevent
extremely preterm human birth. [ ]

ACKNOWLEDGMENTS

We contributed the following to the study: study
concept, supervision, or design, including techni-

cal design included J.AM., AL., ENA., ST,
M.J., RN.F., H.J.K,, and A.O.; acquisition of data
included S.T., M.J., TE., RN.F., AO., F.H., and
L.C.; analysis and interpretation of data included
JAM., AL, TM, HJK, ENA., RN.F., and
A.O.; statistical analysis included E.N.A.,and A.L.;
drafting of the manuscript included J.A.M. and
A.L.; critical revision of the manuscript for impor-
tant intellectual content included J.AM., AL,
ST.,MJ, TE, HJK,ENA, RNF., AO., FH.,
and L.C. J.AM. and A.L. had full access to all of
the data in the study and take responsibility for the
integrity of the data and the accuracy of the data
analysis. The authors gratefully acknowledge the
contributions of their subjects and their subjects’
families as well as those of their colleagues at all
the ELGAN study institutions.

REFERENCES

1. Snegovskikh V, Park JS, Norwitz ER. Endo-
crinology of parturition. Endocrinol Metab Clin
North Am 2006;35:173-91, viii.

2. Mendelson CR. Minireview: fetal-maternal
hormonal signaling in pregnancy and labor. Mol
Endocrinol 2009;23:947-54.

3. Karalis K, Goodwin G, Majzoub JA. Cortisol
blockade of progesterone: a possible molecular
mechanism involved in the initiation of human
labor. Nat Med 1996;2:556-60.

4. Norwitz ER, Robinson JN, Challis JR. The
control of labor. N Engl J Med 1999;341:660-6.
5. Majzoub JA, McGregor JA, Lockwood CJ,
Smith R, Taggart MS, Schulkin J. A central the-
ory of preterm and term labor: putative role for
corticotropin-releasing hormone. Am J Obstet
Gynecol 1999;180:5232-41.

6. Power ML, Schulkin J. Functions of cortico-
tropin-releasing hormone in anthropoid pri-
mates: from brain to placenta. Am J Hum Biol
2006;18:431-47.

7. McLean M, Bisits A, Davies J, Woods R,
Lowry P, Smith R. A placental clock controlling
the length of human pregnancy. Nat Med
1995;1:460-3.

8. Muglia LJ, Katz M. The enigma of spontane-
ous preterm birth. N Engl J Med 2010;362:
529-35.

9. O’Shea TM, Allred EN, Dammann O, et al.
The ELGAN study of the brain and related
disorders in extremely low gestational age
newborns. Early Hum Dev 2009;85:719-25.
10. McElrath TF, Hecht JL, Dammann O, et al.
Pregnancy disorders that lead to delivery before
the 28th week of gestation: an epidemiologic
approach to classification. Am J Epidemiol
2008;168:980-9.

11. McElrath TF, Fichorova RN, Allred EN, et al.
Blood protein profiles of infants born before 28
weeks differ by pregnancy complication. Am J
Obstet Gynecol 2011;204:418.e1-12.

12. Frim DM, Emanuel RL, Robinson BG, Smas
CM, Adler GK, Majzoub JA. Characterization
and gestational regulation of corticotropin-re-
leasing hormone messenger RNA in human pla-
centa. J Clin Invest 1988;82:287-92.

13. Onderdonk AB, Hecht JL, McElrath TF, et
al. Colonization of second-trimester placenta
parenchyma. Am J Obstet Gynecol 2008;199:
52.e1-10.

14. Hecht JL, Allred EN, Kliman HJ, et al. His-
tological characteristics of singleton placentas
delivered before the 28th week of gestation. Pa-
thology 2008;40:372-6.

15. Driscoll SG, Langston C. College of Ameri-
can Pathologists Conference XIX on the Exam-
ination of the Placenta: report of the Working
Group on Methods for Placental Examination.
Arch Pathol Lab Med 1991;115:704-8.

16. Fichorova RN, Onderdonk AB, Yamamoto
H, et al. Maternal microbe-specific modulation
of inflammatory response in extremely low-
gestational-age newborns. mBio 2011;2:
€00280-10.

17. Hecht JL, Fichorova RN, Tang VF, Allred E,
McElrath TF, Leviton A. The relationship be-
tween neonatal blood protein profiles and pla-
centa histologic characteristics in ELGANSs. Pe-
diatr Res 2011;69:68-73.

18. Leviton A, Allred EN, Kuban KC, et al. Blood
protein concentrations in the first two postnatal
weeks associated with early postnatal blood
gas derangements among infants born before
the 28th week of gestation. The ELGAN Study.
Cytokine 2011;53:66-73.

19. Hecht JL, Onderdonk A, Delaney M, et al.
Characterization of chorioamnionitis in 2nd-tri-
mester C-section placentas and correlation
with microorganism recovery from subamniotic
tissues. Pediatr Dev Pathol 2008;11:15-22.
20. TorricelliM, Novembri R, Bloise E, De Bonis
M, Challis JR, Petraglia F. Changes in placental
CRH, urocortins, and CRH-receptor mRNA
expression associated with preterm delivery
and chorioamnionitis. J Clin Endocrinol Metab
2011;96:534-40.

21. Struwe E, Berzl G, Schild R, et al. Microarray
analysis of placental tissue in intrauterine growth
restriction. Clin Endocrinol 2010;72:241-7.

22. Romero R, Espinoza J, Kusanovic JP, et al.
The preterm parturition syndrome. BJOG
2006;113(Suppl 3):17-42.

23. Sibai B, Meis PJ, Klebanoff M, et al. Plasma
CRH measurement at 16 to 20 weeks’ gesta-
tion does not predict preterm delivery in women
at high-risk for preterm delivery. Am J Obstet
Gynecol 2005;193:1181-6.

24, Meis PJ, Klebanoff M, Thom E, et al. Pre-
vention of recurrent preterm delivery by 17 al-
pha-hydroxyprogesterone caproate. N Engl
J Med 2003;348:2379-85.

25. Goldenberg RL, Culhane JF, lams JD, Ro-
mero R. Epidemiology and causes of preterm
birth. Lancet 2008;371:75-84.

26. Romero R, Manogue KR, Mitchell MD, et al.
Infection and labor. IV. Cachectin-tumor necro-
sis factor in the amniotic fluid of women with
intraamniotic infection and preterm labor. Am J
Obstet Gynecol 1989;161:336-41.

27. Challis JR, Sloboda DM, Alfaidy N, et al.
Prostaglandins and mechanisms of preterm
birth. Reproduction 2002;124:1-17.

MARCH 2012 American Journal of Obstetrics & Gynecology 236.68



	Fetal-placental inflammation, but not adrenal activation, is associated with extreme preterm del ...
	Materials and Methods
	Study population
	Pregnancy variables
	Placenta characteristics
	CRH messenger RNA content: RNA isolation
	CRH mRNA quantitation by quantitative reverse transcription-polymerase chain reaction (RT-PCR)
	CRH mRNA quantification by blot hybridization
	Microbiology
	Histology

	Newborn blood spot collection and measurement of proteins from blood spots
	Data analysis

	Results
	Comment
	Acknowledgments
	References


