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atural antimicrobial production by the amnion
arah J. Stock, MBChB; Rodney W. Kelly, PhD; Simon C. Riley, PhD; Andrew A. Calder, MD
BJECTIVE: The purpose of this study was to determine the expres-
ion of natural antimicrobials in primary cultured amnion epithelial
ells and to examine their regulation by interleukin-1 beta (IL-1�).

TUDY DESIGN: Primary amnion epithelial cells were cultured from
amples that were obtained at prelabor cesarean section (n � 12) and
timulated with IL-1�. Natural antimicrobial messenger RNA expres-
ion was determined by real-time quantitative polymerase chain reac-
ion, and protein was measured by enzyme-linked immunosorbent as-
ay. Data was analyzed by analysis of variance.

ESULTS: Primary amnion epithelial cells express messenger RNA for
environment, but am
oi: 10.1016/j.ajog.2006.10.908
tor and elafin, but not HBD4. IL-1� 10 ng/mL stimulates HBD2 mes-
enger RNA in a biphasic pattern, with a 51-fold increase at 6 hours
nd a 67-fold at 12 hours (P � .001). HBD2 protein production is
ignificantly increased by 24 hours (P � .05).

ONCLUSION: The amnion produces potent natural antimicrobials that
ay help protect the pregnancy from infection. HBD2 production is

ramatically upregulated by the labor-associated inflammatory cyto-
ine IL-1�.

ey words: amnion, defensin, infection, natural antimicrobial,

uman beta defensin (HBD) 1 to 3, secretory leukocyte protease inhib- pregnancy

ite this article as: Stock SJ, Kelly RW, Riley SC, Calder AA. Natural antimicrobial production by the amnion. Am J Obstet Gynecol 2007;196:255.e1-255.e6.

abor is an inflammatory process
that is characterized by leukocyte

nvasion of the uterine tissue, and in-
reased cytokine and prostaglandin pro-
uction.1 Intrauterine infection in preg-
ancy can stimulate this process
rematurely and is responsible for ap-
roximately one third of all cases of pre-

term labor.2 Prevention of ascending in-
fections is paramount in maintaining a
healthy pregnancy.

Natural antimicrobials are peptides
that are essential components of the in-
nate immune system that provide broad-
spectrum protection against bacteria,
yeasts, and some viruses.3 The human
beta defensins (HBDs) are a major fam-
ily of vertebrate natural antimicrobials;
HBD1-4 are expressed widely at mucosal
surfaces.4 In addition to their antimicro-
bial activity, HBDs have chemoattrac-
tant properties that suggest that they in-
teract between the innate and adaptive
immune systems.5,6 A related family of
molecules with important antimicrobial
activities is the antileukoproteinases.7

This group includes elafin (skin-derived
antiproteinase) and secretory leukocyte
protease inhibitor (SLPI).

Natural antimicrobial proteins are ex-
pressed throughout the nonpregnant fe-
male reproductive tract.8,9 In pregnancy,
natural antimicrobials are found in the
amniotic fluid10-13 and have been local-
ized in the placenta, decidua, and fetal
membranes.14-18

The amnion is positioned critically be-
tween the normally sterile amniotic cav-
ity and the contaminated extrauterine

of natural antimicrobials has not been
elucidated. The bacterial product lipo-
polysaccharide has been shown to stim-
ulate HBD3 messenger RNA (mRNA) in
so-called amnion-derived FL cells.17

However, this cell line is derived from
cervical He-La cell contaminants19

(www.atcc.org), thus the validity of this
finding is unclear. The current study ex-
amined natural antimicrobial expression
and regulation in primary cultured am-
nion cells. We also compared the expres-
sion with that in the contaminated FL
cell lines and the similarly contaminated
WISH cell line20 (www.atcc.org) to de-
termine whether they are a suitable
model for the study of amniotic innate
immune responses.

METHODS
Samples
The Lothian Local Research Ethics Com-
mittee approved this study, and written
informed consent was obtained from all
participants. Fetal membranes were col-
lected from 12 women who underwent
elective cesarean section at 39 weeks of
gestation. All of the women had uncom-
plicated singleton pregnancies, with no
signs of labor or infection. Amnion for
culture was stripped from underlying

rom the Department of Obstetrics and
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tock and Riley and Professor Calder), and
he Medical Research Council Human
eproductive Sciences Unit (Professor
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horion, washed, and transported to the
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2

aboratory in sterile phosphate-buffered
aline solution (Sigma, Poole, Dorset,
K).
Three endometrial samples were used

s positive controls for natural antimi-
robials. Because individual natural an-
imicrobials are expressed differentially
hroughout the menstrual cycle,21 an en-
ometrial sample from the period of
aximal expression for each natural an-

imicrobial was used (menstrual sample
or elafin and HBD2; proliferative sam-
le for HBD4; mid-secretory sample for
BD1, HBD3, and SLPI). They were col-

ected from women who underwent gy-
ecologic procedures for benign condi-

ions. All of the women had regular
enstrual cycles (28-35 days) and had

ot received any hormonal treatments
or 3 months before biopsy collection.

enstrual cycle stage was determined
rom the date of the patient’s last men-
trual period, histologic dating, and cir-
ulating serum estradiol and progester-
ne concentrations. Endometrial biopsy
pecimens were immersed in Tri reagent
Sigma) for RNA extraction. A portion
as also fixed in 10% neutral buffered

ormalin overnight at 4°C, stored in eth-
nol, and then wax embedded for subse-
uent histologic examination, which was
ormal in all cases.

ell culture
mnion epithelial cells were isolated
ith a method adapted from Bennett et

l.22 Amniotic membrane was washed
nd steeped in EDTA (0.5 mmol/L;
igma) for 15 minutes. Cells were disso-
iated by incubation in a solution of Dis-
ase (Gibco, Paisley, UK) for 45 minutes

TABLE 1
Sequences of primers and probes
Variable Forward primer

HBD1 TCAGCAGTGGAGGGCAATG
...................................................................................................................

HBD2 CTGATGCCTCTTCCAGGTGT
...................................................................................................................

HBD3 CAGAGGCGGCCGGTGT
...................................................................................................................

HBD4 GGCAGTCCCATAACCACATA
...................................................................................................................

SLPI GCATCAAATGCCTGGATCCT
...................................................................................................................

Elafin TGGCTCCTGCCCCATTATC
t 37°C, and released by agitation in Ro- t

55.e2 American Journal of Obstetrics & Gynecol
well Park Memorial Institute 1640 me-
ium (Sigma).
Primary amnion cells were plated in

-well plates (Nunc; Gibco) at a density
f 1.5 to 2 � 106cells/mL. FL, WISH, and
e-La cells (ATCC, Manassas, VA) were

lated at a density of 0.5 � 106cells/mL.
ells were cultured in Roswell Park Me-
orial Institute 1640 medium that was

upplemented with 10% fetal calf serum
Mycoplex; PAA Laboratories, Tedding-
on, UK), penicillin (50 �g/mL; Sigma),
treptomycin (50 �g/mL; Sigma,) and
-glutamine (2 mmol/L; Sigma) and
as maintained at 37°C in 5% CO2 and
5% air.
After 24 hours of culture, cells were
ashed, and fresh medium was added.
fter 72 hours, when confluent, medium
as changed to serum-depleted (2% fe-

al calf serum) for 20 hours before treat-
ents were added; 2% fetal calf serum
as used because preliminary experi-
ents showed decreased cell viability af-

er 48 hours of culture in the absence of
erum. The epithelial origin of primary
ultured cells was confirmed by immu-
ocytochemistry, with �95% of cells
ositive for the epithelial cell marker pan
ytokeratin (Dako, Ely, Cambs, UK).

reatments
ells were incubated with recombinant
uman interleukin (IL)-1� (Peprotech,
ondon, UK) to stimulate natural anti-
icrobial production. Initial experi-
ents used a dose of 10 ng/mL and treat-
ent times of 6 and 12 hours, because

hese were the optimal conditions in a
revious study.23 Subsequent experi-
ents investigated the effects of dose or

Taqman polymerase chain reaction
Reverse primer

CCTCTGTAACAGGTGCCTTGAAT
.........................................................................................................................

CTGGATGACATATGGCTCCACTCT
.........................................................................................................................

CGAGCACTTGCCGATCTGTT
.........................................................................................................................

TGCTGCTATTAGCCGTTTCTCTT
.........................................................................................................................

GCATCAAACATTGGCCATAAGTC
.........................................................................................................................

CAGTATCTTTCAAGCAGCGGTTAG
reatment time by using doses of 0.1-100 s

ogy MARCH 2007
g/mL or treatment times of 1, 2, 3, 6, 12,
6, 24, or 48 hours, after which time the
ffects diminished. All experiments were
erformed in quadruplicate, with 1 set of
uplicates being used to determine
RNA expression by real-time TaqMan

uantitative polymerase chain reaction
PCR) and 1 set being used for protein
nalysis by enzyme-linked immunosor-
ent assay. Media from the second set of
uplicates were stored at –20°C. Treat-
ents had no significant effect on cell

umbers or viability at 48 hours, as de-
ermined by trypan blue exclusion.

NA extraction and quantitative
CR
NA was extracted from amnion with
Neasy minispin columns (Qiagen,
rawley, West Sussex, UK), and from

ndometrium with the use of Tri-re-
gent (Sigma), according to manufac-
urer’s protocols. RNA quantity and
uality were assessed by the Agilent 2100
ioanalyzer system in combination with
NA6000nano chips (Agilent Technolo-
ies, Cheshire, UK). Only RNA that dis-
layed intact 18S and 28S peaks was re-
erse transcribed to complementary
NA for real-time PCR.
RNA samples were reverse transcribed
ith the use of random primers (Taq-
an RT-PCR kit; Applied Biosystems,

oster City, CA) and amplified by ABI
rism TaqMan 7900 (Applied Biosys-

ems), according to standard protocols.
arget mRNA was quantified in relation

o 18S ribosomal RNA abundance in
ach sample. Negative controls were: i) a
egative reverse transcribed-sample
RNA template with no reverse tran-

Probe

TCTATTCTGCCTGCCCGATCTTTACCAA
..................................................................................................................

AAGGCAGGTAACAGGATCGCCTATACCACCA
..................................................................................................................

CTGTGCTCAGCTGCCTTCCAAAGGA
..................................................................................................................

TGTCCAATTCAAATTCGCTTCTCACTGGA
..................................................................................................................

TGACACCCCAAACCCAACAAGGAGG
..................................................................................................................

ATCCGGTGCGCCATGTTGAATCC
for

......... .........

TT
......... .........

......... .........

TTC
......... .........

......... .........
criptase enzyme); ii) reverse tran-
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cribed-H2O (water in place of RNA
emplate); and iii) a TaqMan-reaction
egative control (complementary DNA
eplaced with H2O). Positive controls
ere provided by mRNA that were ex-

racted from endometrium.
Primer/probe combinations were de-

igned with Primer Express software
Applied Biosystems) (Table 1). Se-
uences were validated by basic local
lignment search tool (BLAST) searches
o show that the amplified sequence was
nique; the linearity of response was
hecked by the amplification of serially
iluted complementary DNA samples
nd by plotting the corrected values
gainst dilution.

nzyme-linked immunosorbent
ssay
BD2 and SLPI concentrations in cell cul-

ure medium were determined with the
se of a commercially available HBD2 as-
ay kit (PeproTech) and SLPI assay kit
HyCult, Uden, the Netherlands), accord-
ng to manufacturer’s protocol in 96-well
ssay plates (Nunc Maxi-sorp; Gibco). An
ssay for total cellular protein (Bio-Rad
aboratories, Hercules, CA) was per-

ormed on the remaining cells, according
o manufacturer’s protocols. The amount
f total cellular protein was used as a de-
ominator for HBD2 and SLPI levels to
void errors that could result from varia-
ion in cell numbers.

tatistical analysis
nalysis was carried out with the Graph-
ad Prism software package (GraphPad
oftware, Inc, San Diego, CA). Statistical
ignificance was determined by 1-way
nalysis of variance with Tukey’s test to
ssign individual differences. Nonpara-
etric data were analyzed with the use of

he Kruskal-Wallace test. A probability
alue of �.05 was regarded as significant.

ESULTS
atural antimicrobial mRNA
xpression by primary cultured
mnion epithelial cells
he expression of HBD1, HBD2, HBD3,
LPI, and elafin mRNA was detectable by
everse transcribed quantitative PCR in

rimary cultured amnion epithelial cells, o
hereas HBD4 was undetectable (n � 5).
BD1 mRNA was slightly upregulated by

L-1� 10 ng/mL treatment, which exhib-
ted a 1.81-fold increase that was seen at 6
ours and a 2.24-fold increase that was
een at 12 hours (P � .05; Figure 1A).
BD2 mRNA was increased dramatically

y IL-1� 10 ng/mL treatment, which ex-
ibited a 51-fold increase at 6 hours and a
7-fold increase at 12 hours (P � .001; Fig-
re 1B). Levels of HBD3, SLPI, and elafin
RNA were not affected significantly by

L-1� treatment (Figure 1C-E).

ose responsive effect of IL-1�
n HBD2 production
L-1� exhibited a dose-responsive effect

FIGURE 1
Natural antimicrobial expression in

egulation of natural antimicrobial mRNA expres
g/mL; n � 5). Data are presented as mean � S
, HBD1 mRNA expression. The asterisk denote
y analysis of variance. B, HBD2 mRNA expre
.001 that was determined by analysis of vari

xpression. E, Elafin mRNA expression.
n HBD2 mRNA that was maximal at 1 w

MARCH 2007 America
g/mL, which then plateaued (P � .05;
igure 2). Subsequent time course ex-
eriments used a dose of 10 ng/mL to
nsure that sufficient protein was avail-
ble throughout the whole experiment,
espite any possible metabolism.

attern of HBD2 mRNA
xpression in primary cultured
mnion epithelial cells
he pattern of HBD2 mRNA expression in

esponse to IL-1� was examined over a 48-
our period in 5 different biologic sam-
les. Treatment significantly upregulated
BD2 mRNA production compared with
nstimulated control at all time points that
ere examined (P � .05; Figure 3A). There

mniotic epithelial cells

in primary amnion epithelial cells by IL-1� (10
relative to untreated controls at 6 and 12 hours.
probability value of �.05 that was determined
n. The asterisk denotes a probability value of

e. C, HBD3 mRNA expression. D, SLPI mRNA
a

sion
EM,
s a
ssio
anc
as no significant change in HBD2 mRNA

n Journal of Obstetrics & Gynecology 255.e3
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255.e4 American Journal of Obstetrics & Gynecol
xpression in unstimulated controls over
he 48-hour period (Figure 3B). In all 5
amples, HBD2 mRNA was produced in a
iphasic pattern (Figure 3C) with 2 peaks

n expression. A typical response from 1
ample is shown, because the periodicity of
he response varied between samples; thus
he pattern was not as evident when data
ere averaged. The early response of
BD2 to IL-1� treatment was investigated

n 4 samples. This showed that HBD2
RNA expression became significantly

pregulated after 3 hours of treatment
ith IL-1� 10 ng/mL (P � .05; Figure 3D).

atural antimicrobial protein
xpression by primary cultured
mnion epithelial cells
BD2 and SLPI protein levels were mea-

ured in cell culture medium by sand-
ich enzyme-linked immunosorbent as-

ays. Significantly higher levels of HBD2
rotein were produced by cells that were

response to IL-1�

ng/mL) in primary amnion epithelial cells over
mRNA expression in primary amnion epithelial
urs, and 48 hours (n � 5), relative to untreated
ssion in unstimulated primary amnion epithelial
ours, and 48 hours (n � 5), relative to 3-hour
on in primary amnion epithelial cells (n � 1).
n epithelial cells treated with IL-1� (10 ng/mL)

ative to untreated control at the same time point.
ogy MARCH 2007
reated with IL-1� 10 ng/mL for 24 and
8 hours (P � .05; Figure 4). We found
o increase in SLPI levels (data not
hown).

atural antimicrobial mRNA
xpression by cell lines
atural antimicrobial mRNA expres-

ion in primary amnion cells was signif-
cantly different from that in FL and

ISH cell lines (Table 2). HBD2 mRNA
as highly expressed in primary amnion

ells but undetectable in FL and WISH
ells. HBD1 and HBD3 were expressed at
ignificantly higher levels in primary am-
ion cells than in FL and WISH cells (P

.05). Conversely, SLPI and elafin
RNA were significantly lower in pri-
ary amnion cells than in either FL or
ISH cells (P � .05). Natural antimi-

robial mRNA expression in FL and
ISH cells was similar to that seen in the
e-La cervical cell line that contami-
ates them, except for the observation

hat SLPI and elafin mRNA expression
as slightly lower in FL cells than in
e-La cells (P � .05).

OMMENT
o our knowledge, this is the first study
f natural antimicrobial production in
rimary cultured amnion epithelial cells
nd demonstrates the expression of
BD1, 2, and 3, SLPI, and elafin. This is

onsistent with findings in other studies
hat show HBD1-3, elafin, and SLPI im-

FIGURE 4
HBD2 protein production in
response to IL-1�

3 6 12 16
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24 48

100

200

300
Control

IL1β 10ng/mlβ

BD2 protein expression in response to IL-1� in
rimary amnion epithelial cells over 48 hours. Data
epresent mean � SEM in picograms of HBD2 per
illigram total cellular protein (n � 5).
FIGURE 2
IL-1� dose response of HBD2

BD2 mRNA expression IL-1� dose response
n primary amnion epithelial cells. Data are
resented as mean � SEM, relative to untreated
ontrols at 6 hours. Cells were treated with
L-1� (0.01 ng/mL, 0.1 ng/mL, 1 ng/mL, 10
g/mL, or 100 ng/mL; n � 3). The asterisk
enotes a probability value of �.05 determined
y analysis of variance.
FIGURE 3
Pattern of HBD2 mRNA expression in

BD2 mRNA expression in response to IL-1� (10
ime. Data are presented as mean � SEM. A HBD2
ells at 3 hours, 6 hours, 12 hours, 16 hours, 24 ho
ontrol at the same time point. B HBD2 mRNA expre
ells at 3 hours, 6 hours, 12 hours, 16 hours, 24 h
ontrol. C Typical pattern of HBD2 mRNA expressi
HBD2 mRNA expression in primary cultured amnio

t 1 hour, 2 hours, 3 hours, and 6 hours (n � 4), rel
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unopositivity in the amniotic epithe-
ial layer10,16,24 and SLPI and elafin

RNA expression in amnion tissue.10,18

IL-1� dramatically upregulates the
roduction of HBD2 in primary amnion
pithelial cells in a dose and time-depend-
nt manner, which is evidenced at both
RNA and protein levels. Labor is asso-

iated with increased numbers of inflam-
atory cells and production of cytokines

uch as IL-1�.1 This suggests that HBD2
roduction could be increased during
arturition, which is a time when the fe-
us is particularly vulnerable to ascend-
ng infection. Because HBD2 is chemo-
actic for neutrophils5 and immature
endritic cells and T cells,6 it could also
articipate in the recruitment of inflam-
atory cells that are seen at this time.
Intrauterine infection is associated
ith an exaggerated inflammatory re-

ponse and is a major cause of preterm
abor.2 IL-1� is implicated in this pro-
ess, and women with preterm labor and
mniotic infection have elevated amni-
tic fluid IL-1� concentrations and ac-
ivity.25 In this situation, HBD2 produc-
ion may be upregulated and could act to
imit the spread of infection. Because

BD2 mRNA is also stimulated by IL-1�
n primary cultured chorion cells,16 these
djacent tissues may act in tandem.

HBD2 mRNA production in response
o IL-1� that showed a biphasic pattern
as intriguing. This suggests that there

re 2 distinct components to this re-

TABLE 2
Comparison of natural antimicrobi
amnion cells (n � 5), FL cells (n �
cells (n � 3)

Variable

Cells

FLPrimary amnion

HBD1 5.3 � 2.0* 0.04
...................................................................................................................

HBD2 4.0 � 1.4* Unde
...................................................................................................................

HBD3 9.2 � 2.9* 1.9
...................................................................................................................

SLPI 0.10 � 0.01* 0.11
...................................................................................................................

Elafin 0.05 � 0.01* 0.21
...................................................................................................................

Data are presented as mean � SEM, relative to the amount

* P � .05 between primary amnion cells and FL, WISH and
† P � .05 between FL cells and He-La and WISH cells.
‡ P � .05 between FL cells and He-La cells.
ponse. The first peak in production oc- n
urs within a few hours and is typical of a
apid innate immune response. The sec-
nd peak is slower and may represent
pregulation that is controlled by a sec-
ndary gene product. This requires elu-
idation, and the production of HBD2
y the fetal membranes in normal and
reterm labor settings is under further

nvestigation.
HBD1 mRNA expression in primary

mnion epithelial cells was also slightly
pregulated by IL1� treatment, al-

hough this was only marginal and may
ot be biologically relevant. Until re-
ently, it was accepted widely that HBD1
as produced constitutively by epithelia,
hereas HBD2 was highly inducible by
arious cytokines, microbes, and bacte-
ial products.26 New studies, however,
ave demonstrated that HBD1-4 may all
e produced in a constitutive or induc-

ble manner, depending on the site of
roduction and stimulus that is ap-
lied.27 Defensin production in the am-
ion may also be influenced by different
ytokines and inflammatory stimuli.

In this study, IL-1� did not influence
mnion epithelial SLPI mRNA. SLPI
rotein expression was similarly unaf-

ected by IL-1� treatment, which sug-
ests that there is neither de novo pro-
uction of SLPI nor secretion of
reformed protein in response to IL-1�.
his differs from findings by Zhang et
l10 that demonstrated an increase in
LPI protein production by primary am-

mRNA expression in primary
3), WISH cells (n � 3), and He-La

WISH He-La

.01 0.02 � 0.01 0.01 � 0.01
..................................................................................................................

able Undetectable Undetectable
..................................................................................................................

.6 1.1 � 0.07 1.8 � 0.6
..................................................................................................................

.01† 0.34 � 0.06 0.20 � 0.03
..................................................................................................................

.06‡ 0.21 � 0.06 0.40 � 0.03
..................................................................................................................

endometrial positive control.

La cells.
ion cells after 48 hours of stimulation 2

MARCH 2007 America
ith IL-1�. This may reflect differences
n culture technique, because we allowed
ur cells to become confluent before
reatment as opposed to stimulating
hem immediately after dissociation.

We found that IL-1� treatment had no
ignificant effect on the expression of
lafin mRNA in amnion epithelial cells,
hich is in contrast to the stimulatory

ffect of IL-1� on elafin mRNA produc-
ion in chorion trophoblast cells.16 In
hole fetal membranes, elafin mRNA

xpression is decreased in cases of pre-
erm membrane rupture but is increased
n cases of chorioamnionitis.18 Together
his evidence suggests that the chorion
rovides the greater contribution to pro-
uction of elafin, which may have an im-
ortant role in the regulation of protease
ctivity within the fetal membranes.

The pattern of natural antimicrobial
xpression in both FL and WISH cells
arkedly differed from that in primary

ultured amnion epithelial cells. These
ndings show that cell lines are not rep-
esentative of amnion and illustrate the
are that must be taken when the results
re extrapolated from commercial cell
ines.

In summary, HBD2 is a potent natural
ntibiotic that is produced by amnion
pithelial cells in response to IL-1�,
hich also interacts with the adaptive

mmune system. We believe that it may
ave an important role in protecting the

etus and could also be an important
hemokine that is involved in the onset
f parturition. Further study of this re-
ponse may allow development of new
trategies and treatments to help de-
rease the incidence of premature
irth. f
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