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BASIC SCIENCE: OBSTETRICS

Smoking during pregnancy influences the maternal
immune response in mice and humans
Jelmer R. Prins, MD; Machteld N. Hylkema, PhD; Jan Jaap H. M. Erwich, PhD; Sippie Huitema;
Gerjan J. Dekkema; Frank E. Dijkstra; Marijke M. Faas, PhD; Barbro N. Melgert, PhD
OBJECTIVE: During pregnancy the maternal immune system has to adapt
its response to accommodate the fetus. The objective of this study was to
analyze the effects of smoking on the maternal immune system.

STUDY DESIGN: First-trimester decidual tissue and peripheral blood of
smoking and nonsmoking women were analyzed by real time reverse tran-
scription–polymerase chain reaction (RT-PCR) and flow cytometry. A
mouse model was used to further analyze the effects of smoking. Murine
tissue was analyzed by flow cytometry, real-time RT-PCR, and
immunohistochemistry.

RESULTS: Smoking caused lower percentages of viable pups in mice

and lower birthweights in humans. Smoking mothers, both mice and
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human, had more natural killer cells and inflammatory macrophages lo-
cally, whereas systemically they had lower percentages of regulatory T
cells than nonsmoking controls.

CONCLUSION: Maternal smoke exposure during pregnancy influences
local and systemic immune responses in both women and mice. Such
changes may be involved in adverse pregnancy outcomes in smoking
individuals.
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cells, smoking
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Despite the well-known fact that
smoking adversely affects preg-

nancy outcome,1 about 30% of pregnant
women still smoke in The Netherlands.2,3

Fetal reactions to cigarette smoke were al-
ready described in 1935.4 After a mother
tarted smoking a cigarette, an increase in
etal heart rate was found, and it was con-
luded that a toxic agent, probably nico-
ine, crossed the placenta to the fetus.4

Currently, it is clear that smoking during
pregnancy causes lower birth weights,
an increased incidence of spontaneous
abortions and preterm birth, increased
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placental pathology, and increased stillbirth
rates.5-9 Interestingly, it has also been shown
hat smoking women have a lower incidence
f pregnancies complicated by preeclamp-
ia.10 The mechanisms responsible for the
oxic and protective effects of smoking on
regnancy and preeclampsia are not yet
nderstood.
Tobaccosmokecontainsmanysubstances

nd may affect the fetus directly, but it may
lso affect placental development and de-
idualization.1,11,12 Alternatively, smoking

may achieve its effects by modulation of ma-
ternalimmunologicalandendocrineparam-
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eters. During pregnancy the maternal im-
munesystemplaysakeyrole inthesuccessof
pregnancy by adapting to accommodate the
semiallogeneic fetus.13 Adaptations of the
maternalimmunesystemtakeplacelocallyat
the implantation site as well as in the periph-
eral circulation. Disturbances in this adapta-
tiontowardmaternaltolerancehavebeenas-
sociated with adverse pregnancy outcomes
and other reproductive pathologies.13,14 In-

eed, in nonpregnant women and animals,
moking alters immune responses.15-19

Therefore, adverse pregnancy outcomes in
smoking women could be the result of im-
munological changes caused by smoking.

Theexactinfluenceofsmokingonthema-
ternal immune system during pregnancy is
not known. Only 1 study investigated the ef-
fects of smoking on circulating maternal leu-
kocytes during pregnancy, showing that
smoking pregnant women had higher per-
centages of CD3�cells, lower percentages of
CD56� cells, and a lower expression of
CD54 (activation marker) on monocytes in
peripheral blood in early pregnancy com-
pared with nonsmoking pregnant women.20

It was concluded that smoking acts both as
an inflammatory and antiinflammatory
stimulus on the maternal immune system
log
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Important players in the adaptation of
the maternal immune response are T cells
(especially regulatory T cells), natural killer
(NK) cells, and monocytes and macro-
phages.13,21-24 RegulatoryT(Treg)cells are
a subpopulation of T cells that regulate
immune responses. They are important in
the process of tolerance to self and foreign
antigens, andtheythereforeplayaroleinau-
toimmune diseases, inflammatory diseases,
transplantation, and pregnancy.13,25,26 NK
ells are key players in the regulation of re-
odeling of spiral arteries and also have a

ole in regulation of invasion of tropho-
lasts.27 Functional and numerical changes
f NK and Treg cells are both associated with
dverse pregnancy outcomes.13,23,28

Monocytes and macrophages are also
involved in remodeling of spiral arteries
and placental development.29,30 It has

ecome clear that there are specific sub-
ets of monocytes and macrophages,
hich are thought to have specific roles

n inflammation, tissue remodeling, and
ascularization, respectively, M1 (inflam-
atory) and M2 (remodeling/regulatory)
acrophages.24,31,32 Macrophages in the

placenta during healthy pregnancy appear
to have a remodeling/regulatory role and
are thus mainly of the M2 subtype.24

The aim of this study was to analyze
the effects of smoking on the maternal
immune system during pregnancy lo-
cally in the uterus and systemically. In
humans, smoking effects on the local
and systemic maternal immune system
were investigated in first-trimester de-
cidual tissue and peripheral blood of
smoking women. In this study, we used
unique decidual material, collected dur-
ing routine chorionic villous sampling
between 10 and 12 weeks of pregnancy,
which allowed us to study smoking ef-
fects in deciduas of ongoing pregnancies
with known pregnancy outcomes. We fur-
thermore used a mouse model to compare
the results with human pregnancy and
more specifically study changes in periph-
eral and local immune responses.

MATERIALS AND METHODS
Study design
First-trimester decidual tissue with a known
pregnancy outcome of 42 women, 21

smoking women, and 21 control women
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was selected from a tissue collection and
analyzed by real-time reverse transcrip-
tion–polymerase chain reaction (RT-PCR).
In addition, data on peripheral blood T cell
subsets of 6 smoking and 12 nonsmoking
pregnant women were selected from a con-
trol cohort of a previously published study.33

Tomorespecificallystudychangesinperiph-
eral blood and local immune responses, we
used a mouse model. Therefore, 6 pregnant
mice were exposed to smoke and 6 control
pregnant mice were exposed to fresh air.

To analyze the effects of smoking on the
local maternal immune system, decidual
tissue was analyzed by immunohisto-
chemistry and real-time RT-PCR, and
uterus-draining lymph nodes were ana-
lyzed by flow cytometry. For the analysis of
the systemic immune response, systemic
lymph nodes and spleens were analyzed by
flow cytometry.

Human study
Collection of human decidual tissue. During
outine chorionic villus sampling, per-
ormed vaginally between 10 and 12 weeks
f gestation for maternal age, a previously
hromosomal abnormal child, or serum
creening-related risk for Down syn-
rome, surplus material, which was not
eeded for karyotyping, was obtained. Im-
ediately after sampling, decidual tissue
as mechanically separated from villi un-
er a microscope by a qualified, experi-
nced laboratory technician to minimize
rophoblast contamination. The chorionic
illi appeared as free-floating white struc-
ures with fluffy, filiforme branches,
hereas decidual tissue had a more amor-
hous appearance and lacked distinct
ranches. Earlier studies showed that tro-
hoblast cells were seldom found in decid-
al samples.34,35 Tissue was stored imme-
iately at –20°C until further processing as
escribed before.34

Patients were informed that surplus
material could be used for research. Fol-
low-up of these pregnancies was avail-
able by a questionnaire returned by the
patient postpartum. From this material,
we selected decidual tissue from smoking
women, and for each case we used a non-
smoking control woman matched for ma-
ternal age, parity, and gestational age at
time of sampling. Information about

smoking was obtained by medical history 5

y JULY 2012
taking. For cases and controls, only preg-
nancies with a known pregnancy outcome
longer than 30 weeks’ gestation were se-
lected. In total, decidual tissue of 21 smok-
ing and 21 nonsmoking women was se-
lected for analysis (Table 1).

To determine whether smoking had a
dose-dependent effect, we divided the
total smoking group into a heavy (�10
cigarettes per day) and moderate smok-
ing group (�10 cigarettes per day). The
low percentage of male offspring is
within normal variation and may have
been influenced by the relatively high
maternal age because there is evidence
that a higher maternal age is associated
with a shift from a male to a female ma-
jority in newborns.36,37

PCR on human decidual tissue. Total ri-
onucleic acid (RNA) was isolated from
ecidual tissue using a RNA isolation
rizol kit (Invitrogen, Carlsbad, CA). To

urther purify RNA, a Turbo DNA free
it and column chromatography were
sed according to the manufacturer’s in-
tructions (respectively, Applied Biosys-
ems, Foster City, CA, and Bio-Rad Labo-
atories, Hercules, CA). Complementary
eoxyribonucleic acid (cDNA) was reverse
ranscribed using a Superscript-II reverse
ranscriptase kit (Invitrogen).

As a housekeeping gene (HPRT), we
sed the forward primer 5=-GGCAGTA-
AATCCAAAGATGGTCAA-3=-GTCT-

GGCTTATATCCAACACTTCGT-3= (In-
vitrogen), and probe: 6-FAM 5=-CAA-
GCTTGCTGGTGAAAAGGACCCC-3=
TAMRA(Eurogentic,Herstal,Belgium).For
the other genes, interleukin (IL) 6, IL10,
Tbet21 (Th1 response), Gata 3 (Th2 re-
sponse), Ror�t (Th17 response), Foxp3
Tregcell),CD56(NKcell),CD68(panmac-
ophage marker), NOS2 (iNOS, M1 macro-
hage), and CD206 (MRC-1, M2 macro-
hage), On-Demand gene expression assays
ere used (Applied Biosystems). PCR reac-

ions were performed in triplicate in a vol-
me of 10 �L consisting of 0.1 �L of MilliQ
ater, 5 �L PCR mix (Eurogentic), 1 �L of

everse and forward primer each, 0.4 �L
robe, and 2.5 �L cDNA for the housekeep-

ing gene.
For the other genes, the total volume

of 10 �L contained 2 �L of MilliQ water,

�L PCR mix (Eurogentic), 0.5 �L assay
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mix, and 2.5 �L cDNA. Runs were per-
formed by a 7900HT Fast real-time PCR
system (Applied Biosystems), and RNA
data were normalized to HPRT messen-
ger RNA (mRNA) expression using 2-�Ct.

fter the run, it appeared that HPRT
RNA expression of 4 samples (3 con-

rols, 1 case) was undetectable; these cases
ere excluded from this study. Undetect-

ble cycle threshold (Ct) values of the gene
f interest (more than 40) were interpreted
s the maximum Ct value (40).

uman flow cytometry. To analyze the
nfluence of smoking on the systemic

aternal immune system in humans,
ata on T-cell subsets were selected from
f a previously published control preg-
ant cohort and reanalyzed for effects of
moking.33 In short, peripheral blood

samples were obtained from pregnant
women well before the onset of labor,
and T-cell subsets were analyzed using
fluorescently labeled antibodies against
CD4, CD25, and Foxp3 as described be-
fore.33 In total, 6 smoking pregnant

omen were selected and matched by
estational age, parity, and maternal age
o 2 nonsmoking control pregnant
omen per case, leading to a control
roup of 12. Results obtained by flow cy-
ometry were reanalyzed using Winlist
oftware and cell subsets were calculated.
ymphocytes were selected based on for-
ard and side scatter plots. Additional
ates were used based on fluorescence
mission wavelengths of the antibodies,
nd negative isotype controls were used to

TABLE 1
Characteristics of pregnant women

Characteristic

Age, y
...................................................................................................................

Primiparity, %
...................................................................................................................

Birthweight, g
...................................................................................................................

Sex of child (% male)
...................................................................................................................

Duration of pregnancy, d
...................................................................................................................

Smoking average, (cigarettes per day)
...................................................................................................................

Data are mean � SD.
a P �.001 compared with controls when analyzing birthweigh

Prins. Smoking and the maternal immune response. Am J
et the gates (Supplemental Figure 1).
Animal study
Animals. Female and male C57Bl6 mice,
aged 8-10 weeks, were obtained from
Harlan (Horst, The Netherlands). All
mice were held under specific pathogen-
free conditions on a 12:12 light-dark cy-
cle and were administered food and wa-
ter ad libitum. All animal protocols were
approved by the local committee on
animal experimentation (University of
Groningen, Groningen, The Nether-
lands) and were performed under strict
governmental and international guide-
lines on animal experimentation.

For experimental purposes, female mice
were treated with 1.5 IU pregnant mare’s
serum gonadotropin and 1.25 IU human
chorionic gonadotrophin to induce simul-
taneous cycling. To induce pregnancy, 2
females were housed with 1 male. Mating
was confirmed by vaginal plug detection.
All female mice had been mated, 4 of the 6
smoking females (pregnancy rate 67%),
and 5 of the 6 nonsmoking females (preg-

TABLE 2
Pregnancy outcome in smoke-expo

Variable Nonsm

Pregnancy rate, % 83
...................................................................................................................

Number of implantations 14.4 �
...................................................................................................................

Number of resorptions 0.60
...................................................................................................................

Viable pups, % 96
...................................................................................................................

Maternal weight, g 21.5 �
...................................................................................................................

Data are mean � SD.
a P � .01 in a Student t test; b P � .05.

r the decidual mRNA expression dat

onsmoking
� 18 )

Smoking
(n � 20 )

37.6 � 2.1 36.8 � 4.3
.........................................................................................................................

20.0 25.0
.........................................................................................................................

388.6 � 591.6 3339.4 � 600.2
.........................................................................................................................

28.6 35.0
.........................................................................................................................

273.1 � 18.1 270.9 � 31.1
.........................................................................................................................

0 9.2 � 6.3b

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

centiles for gestational age; b P �.001 compared with controls.

tet Gynecol 2012.
Prins. Smoking and the maternal immune response. Am J Obs

JULY 2012 Ameri
nancy rate 83%) ended up being pregnant
(Table 2). The morning after mating was
called day 0.5 of gestation. Mated females
were separated from males and were killed
at day 11.5 of gestation. At day 11.5
paraaortic lymph nodes (uterus-draining
lymph nodes), inguinal (systemic) lymph
nodes, and spleens were removed. In addi-
tion, implantation sites were removed and
fixed in 4% paraformaldehyde, zinc fixa-
tive 38 or immediately snap frozen at

80°C for immunohistochemical and
eal-time RT-PCR analysis.

igarette smoke exposure. Cigarette smoke
as generated using a TE-10 smoke expo-

ure system of Teague Enterprises Smoke
xposure System (Woodland, CA). Fe-
ale mice were exposed to fresh air or

moke in sessions of 7 hours continu-
usly per day, from 7 days before mating
ntil the day the animals were killed.
ice were exposed to 5 cigarettes the

rst day, 10 cigarettes the second day, 25

d and control mice

ing (n � 6) Smoking (n � 6)

67
..................................................................................................................

1 14.0 � 3.4
..................................................................................................................

.6 3.4 � 1.5a

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

74b

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

4 19.6 � 0.8
..................................................................................................................

10 cigarettes
er day (n � 11)

>10 cigarettes
per day (n � 9)

37.5 � 2.8 35.8 � 5.7
..................................................................................................................

27.3 22.2
..................................................................................................................

612.0 � 574.8 3165.0 � 548.5a

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

36.4 33.3
..................................................................................................................

268.6 � 41.8 273.6 � 14.3
..................................................................................................................

4.8 � 2.6b 15.0 � 4.3b

..................................................................................................................
se

ok

.........

2.
.........

� 0
.........

.........

1.
.........
fo a

N
(n

<
p

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

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

3 3
......... .........

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

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

......... .........
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cigarettes the third day, 50 cigarettes the
fourth, and 60 cigarettes on the fifth day
and thereafter. Total particulate matter
counts were at least 100. Kentucky 2R4F
research-reference filtered cigarettes
(The Tobacco Research Institute, Uni-
versity of Kentucky, Lexington, KY)
were used.

Mouse decidual real-time RT-PCR. Frozen
implantation sites were sectioned trans-
versely at 4 �m and stained with hematox-
ylin. Frozen tissue of 1 control mouse was
not available. Decidual and placental tissue
was identified, selected, and cut from the
slides using laser dissection microscopy
(Leica, Rijswijk, The Netherlands). Decid-
ual and placental tissue was collected sep-
arately. Total RNA was isolated from de-
cidual and placental tissue using an mRNA
easy kit (QIAGEN, Valencia, CA) accord-
ing to the manufacturer’s instructions.
cDNA was reverse transcribed using a
Superscript-II reverse transcriptase kit
(Invitrogen).

For the housekeeping gene (B2M) and
for the other genes (IL6, IL10, Tbet21
[Th1 response], Gata 3 [Th2 response],
Ror�t [Th17 response], Foxp3 [Treg
cells], Nk1.1 [NK cells], CD68 [pan mac-
rophage marker], NOS2 [M1- macro-
phages; iNOS], and CD206 [M2-macro-
phages; MRC-1]), On-Demand gene
expression assays were used (Applied
Biosystems). PCRs were performed in
triplicate in a volume of 10 �L consisting

f 2 �L of MilliQ water, 5 �L PCR mix
(Eurogentic), 0.5 �L assay mix, and 2.5
�L cDNA. Runs were performed by a
7900HT Fast real-time PCR system (Ap-
plied Biosystems), and mRNA data were
normalized to B2M mRNA expression
using 2-�Ct. Undetectable Ct values
(greater than 40) were interpreted as the
maximum Ct value (40).

Mouse flow cytometry. Immediately after
the animals were killed, paraaortic lymph

A, Higher CD56 mRNA expression in smoking preg
urther analyzing dose effects of smoking on mRNA
ars), and heavy smokers (�10 cigarettes per day
regnant women compared with nonsmoking pregn
igher ratios of M1 macrophage markers in heavy
ariance and Dunnet post hoc testing on log transfo
Prins. Smoking and the maternal immune response. Am J Obstet
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nodes (uterus-draining lymph nodes), in-
guinal (systemic) lymph nodes, and
spleens were removed and thoroughly dis-
persed into single cell suspensions in fluo-
rescence-activated cell sorting (FACS) buf-
fer (consisting of PBS with 2% fetal calf
serum). Red blood cells in cell suspensions
were lysed using NH4Cl solution.

For flow cytometric analysis, 1 million
cells were stained according to standard
methods. In short, cells were incubated
for 5 minutes with 10% normal mouse
serum to block a-specific binding. Cells
from the lymph nodes were then incu-
bated with a cocktail of fluorescently la-
beled antibodies for 30 minutes, includ-
ing the following: Pacific Blue-labeled
anti-CD3 (17A2; BioLegend, San Diego,
CA), PerCP-labeled anti-CD4 (RM4-5;
BD Pharmingen, San Diego, CA), Alexa
700-labeled anti-CD8 (53-6.7, Bioleg-
end), allophycocyanin (APC)-labeled
anti-CD25 (3C7; BD Pharmingen), and
PE-Cy7-labeled anti-NK1.1 (PK 136;
BioLegend). After surface staining, in-
tracellular staining was performed ac-
cording to the Foxp3-staining kit in-
structions (eBioscience, San Diego, CA)
using fluorescein isothiocyanate (FITC)-
labeled anti-Foxp3 (FJK-16s; eBioscience).

Cells from the spleen were not only in-
cubated with the T-cell antibody cocktail
described in the previous text but were
also incubated with a monocyte anti-
body cocktail: PerCP-labeled anti-CD4
(RM4-5; BD Pharmingen), APC-labeled
anti-CD11b (M1/70; BD Pharmingen),
phycoerythrin (PE)-labeled anti-CD43
(1B11; Biolegend), PE-Cy7-labeled anti-
Gr-1 (RB6-8C5;Biolegend),PacificBlue-la-
beled anti-F4/80 (BM8; Biolegend), and
FITC-labeled anti-MHC-II (2G9; BD
Pharmingen).

Cells were analyzed on a LSRII (Beck-
ton Dickinson, Lincoln Park, NJ) flow
cytometer. Results were analyzed with
Facs Diva software (Beckton Dickinson).

t women (gray bars, n � 20) compared with nonsm
ressions in nonsmokers (white bars, n � 18), mod

9, black bars), a higher expression of Gata3, CD
women. C, There was a dose effect of smoking on m
okers. Data are expressed as mean � SEM, statis
ed data. Asterisk indicates P � .05. Double asteris
Gynecol 2012.
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Lymphocytes were selected based on for-
ward and side scatter plots and subse-
quently staining for CD3, CD4, CD25,
and Foxp3. To identify cells positive for
the labeled antibodies, additional gates
were set based on fluorescence emission
wavelengths of the used antibodies and
negative controls (Supplemental Figure
1). For monocytes all viable cells were
gated for CD11b and F4/80. CD11b-hi
and F4/80-intermediate cells were con-
sidered monocytes, and these were gated
for CD43 and GR1 to distinguish the
GR1-hi and GR1-lo subset (Supplemen-
tal Figure 2).

(Immuno)histochemical analysis mice ute-
rine tissue. Implantation sites were fixed
in paraformaldehyde and zinc fixative38

for 24 hours, transferred into 70% etha-
nol, and embedded in paraffin according
to standard methods and sectioned
transversely at 7 �m. Slides were dew-
axed in xylene and rehydrated. For gen-
eral histological examination, sections
were stained with hematoxylin-eosin.
First, myometrial, decidual, and placental
sizes, and ratios of decidual spiral artery
vessel to lumen area were measured.39

T cells and Foxp3� cells were stained us-
ing primary antibodies against CD3
(ab16669; Abcam, Cambridge, MA), and
Foxp3 (FJK16s; eBioscience). Antigen
retrieval was performed by incubating
sections (15 minutes at 400 W) in citrate
buffer.

Sections were incubated with primary
antibodies diluted 1:400 (CD3) or 1:50
(Foxp3) overnight at 4°C. Thereafter
sections were incubated for 30 minutes
with the appropriate secondary and ter-
tiary peroxidated antibodies (CD3), or
slides were incubated with a biotinylated
secondary antibody and were incubated
thereafter with a streptavidin-peroxidase
complex (Foxp3). Positive staining was
localized using diaminobenzidine tetra-

g pregnant women (white bars, n � 18). B, When
te smokers (�10 cigarettes per day, n � 11, gray
CD68, IL6, and iNOS was found in heavy smoking
A expressions of macrophage subset markers, with
l analysis was performed using 1-way analysis of
ndicate P � .01.
nan okin
exp era

, n � 56,
ant RN
sm tica
rm ks i
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FIGURE 1
mRNA expression in first-trimester decidual tissue
JULY 2012 American Journal of Obstetrics & Gynecology 76.e5
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chloride (DAB). NK cells were stained
using biotinylated lectin for dolichos bi-
florus (Sigma, St. Louis, MO) diluted
1:800 and were incubated overnight at
4°C. Sections were then incubated with a
streptavidin-peroxidase complex for 30
minutes at room temperature, and posi-
tive staining was localized using 3-amino-9-
ethyl-carbazole (AEC).

Subsets of macrophages were stained
using primary antibodies against F4/80
(pan macrophage marker) (MCA497;
Serotec, Raleigh, NC), IRF5 (M1 macro-
phage lineage marker) (10547-1-AP;
Proteintech, Manchester, UK), and
YM-1 (M2 macrophage lineage marker)
(Mouse Chitinase 3-like; R&D Systems
Europe Ltd, Abingdon, UK). Antigen
retrieval was performed by incubating
sections (15 minutes at 400W) in ci-
trate buffer. Sections were incubated
with diluted antibody solution, 1:50
(F4/80), 1:100 (IRF5), or 1:400 (YM-1)
for 1 hour at room temperature (IRF5,
YM-1) or were incubated overnight at
4°C (F4/80). Thereafter sections were
incubated for 30 minutes with the ap-
propriate secondary and tertiary per-
oxidated antibodies (IRF5, YM-1), or
sections were incubated with a biotin-
ylated secondary antibody and were in-
cubated with ABC elite kit (Vector
Laboratories, Burlingame, CA) (F4/
80). Positive staining was localized us-
ing DAB (IRF5) or AEC (F4/80, YM-
1). All sections were counterstained
using hematoxylin and all incubation
steps were followed by 3 washes in PBS
for 5 minutes.

Except for the Foxp3 staining, which
was performed in triplicate, every
staining was performed in duplicate
with at least 7 sections in between to
avoid duplicate counting of cells. Sec-
tions were scanned using a NanoZo-
omer (Hamamatsu, Shizuoka, Japan).
Morphometric analysis was performed
by setting a staining threshold manu-
ally, based on negative control sec-
tions, and measuring the total stained
area using ImageJ (National Institutes
of Health, Bethesda, MD).

Statistical analysis
For statistical analysis, SPSS (SPSS, Inc.,

Chicago, IL) was used. All real-time RT-

76.e6 American Journal of Obstetrics & Gynecolog
PCR data were log transformed before
statistical analysis. Statistical compari-
sons between human smoking and
nonsmoking groups were performed
using 1-way analysis of variance and
Dunnett post hoc testing. Statistical
comparisons between smoke-exposed
and control mice groups were per-
formed using Student t tests. Pearson
correlation coefficients were calculated
to analyze the correlation between
number of cigarettes and mRNA ex-
pression of several genes. P � .05 was
considered to be significant, and P �
.10 was considered a statistical trend.

RESULTS
Smoking influences the human
maternal immune system
locally and systemically
Smoking affects immune parameters in hum-
an decidual tissue. To investigate the ef-
fect of human maternal smoking on lo-
cal immune parameters during preg-
nancy, first-trimester decidual tissue
was analyzed for mRNA expression of
different immune markers. When
comparing the total smoking group
with the control group, a significantly
higher CD56 mRNA expression in

TABLE 3
Characteristics of pregnant women

Characteristic Nonsm

Age, y 32.8
...................................................................................................................

Primigravidity, % 25.0
...................................................................................................................

Birthweight, g 3798.6
...................................................................................................................

Sex of child (% male) 53.0
...................................................................................................................

Duration of pregnancy, d 261.7
...................................................................................................................

Data are mean � SD.

Prins. Smoking and the maternal immune response. Am J

TABLE 4
Percentages of T-cell subsets in hu

Variable No

CD4�CD25� 36
...................................................................................................................

CD4�CD25�Foxp3– (Teff cells) 38
...................................................................................................................

CD4�Foxp3� (Treg cells) 11
...................................................................................................................

Data are mean � SD. Subsets are expressed as a percentage
a P � .05.
Prins. Smoking and the maternal immune response. Am J Obs
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smoking women was found as com-
pared with nonsmoking women. No
significant differences in expression of
the other genes were found (Figure 1,
A). However, when further dividing
the smoking women into a moderate
(�10 cigarettes per day) and a heavy
smoking (�10 cigarettes per day) sub-
group, a significant increase was seen
in IL6, Gata 3 (Th2 response), CD56
(NK cells), and iNOS (M1 macro-
phages) and a trend toward higher
CD68 (pan macrophages) mRNA ex-
pression in heavy smoking women
compared with nonsmoking women
(Figure 1, B). Because iNOS (M1 mac-
rophages) was increased in smoking
women, we analyzed iNOS/CD68 and
CD206/CD68 ratios to identify M1 and
M2 macrophages as well as the iNOS/
CD206 ratio as a measure for the ratio
of M1/M2 macrophages (Figure 1, C).
In moderate smokers a significant
higher CD206/CD68 ratio was found,
whereas in heavy smokers significantly
increased iNOS/CD206 and iNOS/
CD68 macrophage ratios were found
(Figure 1, C). Interestingly, when cal-
culating correlation coefficients (CC),
significant positive correlations be-

r the peripheral blood data

ng (n � 12) Smoking (n � 6)

4.6 30.0 � 4.2
..................................................................................................................

50.0
..................................................................................................................

465.5 3273.0 � 637.6
..................................................................................................................

60.0
..................................................................................................................

22.5 265.3 � 23.3
..................................................................................................................

tet Gynecol 2012.

an peripheral blood

moking (n � 12) Smoking (n � 6)

9.5 40.7 � 9.9
..................................................................................................................

9.8 30.8 � 9.4
..................................................................................................................

5.6 6.1 � 4.7a

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

D4� cells.
fo

oki

�
.........

.........

�
.........

.........

�
.........
m

ns

.1 �
.........
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tween the number of cigarettes and
mRNA expressions were found for IL6
(CC 0.64 P � .001), CD56 (CC 0.58,
P � .001), and CD68 (CC 0.55, P � .001)
(data not shown).

Lower percentages of Treg cells in peripheral
blood of smoking pregnant women. To ana-
lyze the influence of smoking on the sys-
temic human maternal immune re-
sponse, data of a previously published
study were reanalyzed (Table 3).33

Smoking pregnant women had signifi-
cantly lower percentages of Treg cells
(CD4�Foxp3�) than nonsmoking
pregnant women (P � .05) (Table 4). No

ifferences in percentages of effector T
ells (Teff) (CD4�CD25�Foxp3–) cells
ere found between smoking and non-

FIGURE 2
Expression of mRNA in decidual tis

A, Higher expressions of IL10 and Ror�t were o
ifferences were found in macrophage subset ra

og-transformed data. Asterisk indicates P � .0
Prins. Smoking and the maternal immune response. Am J Ob
moking pregnant women (Table 4). b
Smoking adversely affects pregnancy
in mice and humans
Effects of smoking on pregnancy outcome
in mice and humans. It is well estab-
lished that smoking during pregnancy
adversely affects human pregnancy out-
come.1,7 In this study, no differences in
birthweights were found between the to-
tal human smoking group and control
group (Table 1). However, percentile
birthweights in the heavy smoking group
were significantly (P � .001) lower than

irthweights in the control group (Table
, not all data shown). Our results show
hat smoke exposure to pregnant mice
nduced a significantly higher number of
esorptions (Table 2) and significantly
ower percentages of viable pups. Num-

e of smoke-exposed and control pre

rved in smoke-exposed mice (gray bars) compa
. Data are expressed as mean � SEM, and statis

Gynecol 2012.
ers of implantations were similar in

JULY 2012 Ameri
moke- and air-exposed mice, suggest-
ng that smoking does not adversely af-
ect implantation.

Smoking influences the maternal
immune system locally and
systemically in mice
Smoking affects immune parameters in mur-
ine decidual tissue. In contrast to the
human decidual PCR data, mRNA ex-
pressions of IL10 and Ror�t (Th17 re-
sponse) were significantly increased in
smoke-exposed mice (Figure 2, A). There
were no significant differences in macro-
phage subset ratios between smoke-ex-
posed and control mice (Figure 2, B). The
mRNA expressions of all tested genes in
placental tissue were similar in smoke-ex-
posed and control mice (results not

nt mice

with control mice (white bars). B, No statistical
l analysis was performed using Student t test on
su gna

bse red
tios tica
5.
stet
shown). We further analyzed T-cell sub-

can Journal of Obstetrics & Gynecology 76.e7
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sets locally in uterus-draining lymph
nodes using flow cytometry. Our data
show that locally, in the uterine draining
lymph nodes, smoking had no significant
effect on percentages of any T-cell subsets
in mice (results not shown).

To further analyze whether smoking
caused local changes in placentas and de-
ciduas of mice, we histologically and im-
munohistochemically analyzed murine
uterine tissue. Histological analysis
showed comparable myometrial, decidual,
and placental area sizes and similar ratios
of decidual spiral artery vessel to lumen
area in smoke-exposed and control mice

FIGURE 3
Quantification of immune paramete
staining of decidual tissue of smok

A, Higher numbers of CD3� cells, natural killer
ontrol mice. B, Lower Foxp3/CD3 and higher IRF

expressed as mean � SEM, and statistical anal
Prins. Smoking and the maternal immune response. Am J Ob
(results not shown). Immunohistochemi-

76.e8 American Journal of Obstetrics & Gynecolog
cal staining of deciduas showed presence of
T cells (CD3), Treg cells (Foxp3), NK cells
(DBA lectin), macrophages (F4/80), and
macrophage subsets (IRF5 [M1] and
YM-1 [M2]). All negative controls did not
show staining. Decidual tissue of smoke-
exposed mice showed significantly more
cells positive for CD3 (T cells), DBA (NK
cells), and IRF5 (M1 macrophages) and as
a result of that a higher IRF5/F4/80 ratio
(Figure 3).

Smoking influenced the systemic percent-
ages of different T cell subsets in pregnant
mice. To analyze the systemic effects of

after immunohistochemical
exposed and control mice

ls (DBA lectin), and M1 macrophages (IRF5) in s
4/80 ratios in decidual tissue of smoke-exposed
was performed using Student t test on log-tran

Gynecol 2012.
smoking on the immune response of preg-

y JULY 2012
nant mice, we analyzed changes in T-cell
subsets in inguinal lymph nodes and
spleens of pregnant mice. Percentages of
Teff (CD3�CD4�CD25�Foxp3–) were
significantly lower in systemic lymph
nodes of smoke exposed mice as compared
with control mice. Furthermore, these Teff
cells showed a trend to be lower in the
spleens of smoke-exposed mice (P � .05)
(Table 5). Our data also showed that smoke-
exposed mice show a trend toward lower
percentages of Treg cells in the spleens (P �
06) (Table 5). Percentages of CD8� cells
showedatrendtowardhigherpercentages in
smoke-exposedmiceinbothinguinal lymph

ke-exposed mice (gray bars) as compared with
e (n � 4) compared with control mice. Data are

med data. Asterisk indicates P � .05.
rs
e-

cel mo
5/F mic

ysis sfor
stet
nodes and spleen (Table 5).
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Smoking only influences numbers of Gr1-lo
monocytes in pregnant mice. Our data
how that smoke-exposed mice had a
rend toward lower numbers of mono-
ytes (Figure 4, A), mainly caused by
ower numbers of the GR1-lo monocyte
ubset, the nonclassical monocyte subset
Figure 4, B). There was no difference in
umbers of GR1-hi monocytes, the clas-
ical monocyte subset (Figure 4, C).
here were no other differences in ex-
ression of activation markers on the
onocyte subsets (data not shown).

COMMENT
It has been known for a long time that
smoking during pregnancy is associated
with adverse pregnancy outcomes.1,9 In
his study, we analyzed the effects of
moking on the local and systemic hu-

an maternal immune system during
uman pregnancy. To further analyze
he effects of smoking on the maternal
mmune system, we used a mouse smok-
ng model. We indeed found that smoke
xposure during pregnancy adversely af-
ects pregnancy outcome in human and

ice as shown by higher numbers of re-
orptions in pregnant mice and lower
irthweights in heavy smoking women.
In this study, we further showed that

moking affects the maternal immune
ystem locally and systemically in the
ame way in pregnant humans and mice.
n both humans and mice, decidual in-
ammatory macrophages (M1) and NK
ells were higher in smokers as compared
ith nonsmoking controls. Systemically,
ercentages of Treg cells were lower

n smoking mice and women than in
ontrols.

In this study, we found higher num-
ers of DBA lectin-positive NK cells in
ecidual tissue of smoke-exposed mice
nd higher mRNA expression of NK cell
arker CD56 in decidual tissue of smok-

ng women. The higher numbers and
igher mRNA expression of NK cell
arkers might be involved in the adverse

regnancy outcomes in smoking mice
nd women. NK cells are 1 of the key
mmune players during pregnancy and
re regarded as especially important in
upporting vascular remodeling and

ecidualization.23,40
Higher numbers of NK cells are asso-
ciated with adverse pregnancy out-
comes.28,41 The mechanism by which
moking affects uterine NK (uNK) cell
umbers remains unknown from this
tudy. Theoretically, numbers of NK
ells could increase in the deciduas of
moking women and smoke-exposed

ice as a response to oxidative stress,

FIGURE 4
Absolute numbers of monocyte sub
of smoke-exposed and control mic

, A trend (P � .076) toward lower absolute nu
ice compared with control mice. B, Significan

ifference in numbers of GR1-hi monocytes in spl
ice. Data are expressed as mean � SEM, and s

n log-transformed data. Asterisk indicates P �
rins. Smoking and the maternal immune response. Am J Ob

TABLE 5
Percentages of peripheral T-cell su

Variable

Nonsmok

Inguinal

CD4� 51.8 � 1.
...................................................................................................................

CD4�CD25� 6.0 � 1.
...................................................................................................................

CD4�CD25�Foxp3– (Teff cells) 1.3 � 0.
...................................................................................................................

CD4�Foxp3� (Treg cells) 5.2 � 1.
...................................................................................................................

CD8� 47.4 � 1.
...................................................................................................................

Data are mean � SD. All T-cell subsets are CD3� and expre
a P � .1; b P � .05.

Prins. Smoking and the maternal immune response. Am J
JULY 2012 Ameri
aused by impaired vascularization,
hich is caused by smoking.42

The higher numbers of NK cells in de-
cidual tissue of smoking mice and
women could also be a compensatory re-
sponse for impairment of these NK cells
by smoking as in a nonpregnant popula-
tion, it has been reported that smoking
impairs NK cell cytotoxic activity.43 Al-

ts in spleens

ers of monocytes in spleens of smoke-exposed
ower numbers of GR1-lo monocytes and C, no
s of smoke-exposed mice compared with control
tical analysis was performed using Student t test
.
ynecol 2012.

ets in mice

(n � 5) Smoking (n � 4)

Spleen Inguinal Spleen

57.1 � 2.6 49.2 � 2.4a 54.0 � 3.2a

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

7.4 � 1.2 5.0 � 1.5 6.2 � 0.9
..................................................................................................................

1.5 � 0.5 0.93 � 0.09b 0.92 � 0.2a

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

7.5 � 0.5 4.4 � 1.6 6.7 � 0.6a

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

35.8 � 3.2 50.6 � 1.9a 40.2 � 2.1b

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

as a percentage of CD3� cells.
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though this compensatory increase may
be necessary to stimulate vascularization
of the decidua and placenta, it might
have adverse effects on inflammatory pa-
rameters and thereby cause adverse
pregnancy outcome. Whether smoking
indeed affects uNK cell function is un-
known. Effects of smoking on uNK cells
may be different from effects of smoking
on NK cells in nonpregnant women be-
cause uNK cells produce cytokines and
regulate their actions differently from
systemic NK cells.43

Interestingly, contrary to the higher
local numbers of NK cells, systemically
we found lower percentages of NK cells
in spleens of smoke-exposed mice. These
systemically lower percentages of NK
cells in smoke-exposed mice are in line
with previous human research, showing
lower percentages of CD56� NK cells in
peripheral blood of smoking pregnant
women.20 However, as explained above,
systemic and uterine NK cells have dif-
ferent functions and capacities. Future
research focusing on the influence of
smoking on the function of decidual and
systemic NK cells during is needed to
elucidate these intriguing findings.

Other findings that might be evidence
for an altered decidual and placental vas-
cularization in smoke-exposed mice and
smoking women would be the changed
ratios of inflammatory (M1)/regulatory
(M2) macrophage subsets in the decidua
of smoke-exposed mice and smoking
women. It has been shown that in decid-
ual tissue there are 2 different subsets of
macrophages.24,31,44 These subsets are
ctivated in different ways and have dif-
erent functions.44 Higher expression
evels for M2 macrophage markers have
een found in first-trimester decidua.45

This regulatory, tissue-repairing macro-
phage subset may be higher during preg-
nancy to promote maternal tolerance
and coregulate vascular remodeling. The
greater presence of M1 subset markers in
the decidua of smoke-exposed mice and
smoking women indicates a skewing to-
wards an inflammatory environment in
the decidua, and furthermore, it might
indicate impaired vascularization caused
by smoke exposure.

Interestingly, systemically, we found

lower numbers and percentages of

76.e10 American Journal of Obstetrics & Gynecolo
GR1-lo monocytes in smoke-exposed
mice. A previous study showed angio-
genic properties of these GR1-lo mono-
cytes and also showed that GR1-lo
monocytes can transform into (M2)
macrophages regulating tissue remodel-
ing and angiogenesis.46 The lower num-

ers of the M2 precursor monocytes and
igher mRNA expression of M1 markers
ight both reflect the same change from

regulatory remodeling macrophage en-
ironment toward an inflammatory
acrophage environment. This could

ead to altered decidual remodeling and
ascular changes leading to adverse preg-
ancy outcome.
We found significantly lower percent-

ges of Treg cells in peripheral blood of
moking women. In line with this lower
ercentage in human peripheral blood,
moke exposure in mice did result in a
tatistical trend (P � .085) toward lower
ercentages of Treg cells in spleens of
moke-exposed mice. Furthermore, lo-
ally, we found a lower Foxp3�/CD3�
ell ratio in deciduas of smoke-exposed
ice. Because it is known that Treg cells

re essential for pregnancy success,13 the
lower systemic percentages of Treg cells
and lower Foxp3�Treg/CD3� T-cell
ratios in smoking pregnant women and
in smoke-exposed mice are possibly in-
volved in the increase in adverse preg-
nancy outcomes in smoking women and
mice. The higher Ror�t expression, sug-
gesting increased Th17 responses, in the
decidua of smoke-exposed mice is in line
with previous research showing induc-
tion of a Th17-like inflammatory envi-
ronment in smoke-exposed nonpreg-
nant mice.19 It is known that increases in
the Th17 cell subset and imbalances be-
tween the different T-cell subsets can
lead to adverse pregnancy outcomes.47

The higher Ror�t mRNA expression in
mice could therefore also reflect a mech-
anism responsible for the adversely af-
fected pregnancy outcomes in smoke-
exposed mice.

The lower numbers of Treg cells and
higher expression of Ror�t could be ex-
plained by the higher IL6 mRNA expres-
sion because it is known that IL6 has an
important role in the differentiation of
naïve T cells into Treg or Th17 cells.48,49
Our data of increased IL6 in the human a

gy JULY 2012
deciduas is in line with the previously de-
scribed effect of smoking on IL6 levels in
nonpregnant mice.19 During pregnancy,
IL6 is produced systemically and also lo-
cally by uterine, decidual cells and mac-
rophages, and it has been shown that IL6
has constant levels during pregnancy
with a slight increase at the end of
pregnancy.50-52

Interestingly, it is further shown that
levels of IL6 are higher in placental and
decidual tissue from abortion-prone
CBA/J � DBA/2J mice compared with
normal pregnant mice.51 In human
pregnancy, higher amniotic levels of IL6
are associated with preterm birth53

Therefore, the higher mRNA expression
of IL6 we found could be responsible for
adverse pregnancy outcomes. This could
be the result of higher numbers of M1
(inflammatory) macrophages because
M1 macrophages are known to produce
IL6. However, whether higher expres-
sion of IL6 is a cause or consequence of
the more inflammatory macrophages re-
mains to be answered.

The gestational time points used in
our experiments were different for mice
and humans. In humans, we analyzed
first-trimester decidual tissue, and pe-
ripheral blood was taken from third-tri-
mester pregnant women, whereas mu-
rine decidual tissue, lymph nodes, and
spleens were obtained midregnancy. Al-
though, we did find similar changes in
numbers of NK cells, macrophage sub-
sets, and Treg cells, we could not confirm
the higher mRNA expression levels of
IL10 and Ror�t that were found in
moke exposed mice. Furthermore, the
ower percentages of Teff cells in smoke-
xposed mice and higher expression of
L6 mRNA in smoking women did not
each significance in the comparable hu-
an/mouse group.
The different gestational time points
ight be responsible for differences we

ound in the effects of smoking between
ice and human because it is known that

mmunological parameters vary during
regnancy.13 In addition, the small
umber of mice used in this experiment
6 per group) could explain some of the
ifferences. Furthermore, the fact that
umans are continuously challenged by

ntigens, contrary to the mice used in



www.AJOG.org Basic Science: Obstetrics Research
our experiments, and the fact that we
used syngeneic mating couples in our
mice experiments, which is contrary to
the human situation, might also be re-
sponsible for differences in immunolog-
ical findings. Our mice and human data,
however, clearly show the adverse effects
of smoking.

In summary, smoke exposure during
pregnancy influences the local and sys-
temic maternal immune response in both
human and mice and does this in a dose-
dependent manner. The higher numbers
and/or expression of IL6, decidual NK
cells, M1 macrophages, and lower Treg/
CD3 cell ratio in addition to the systemi-
cally lower percentages of regulatory T cells
in smoke-exposed mice and smoking
women may be responsible for the increase
in adverse pregnancy outcomes. If these
differences in peripheral and local im-
mune responses after smoking could also
explain the lower incidence of preeclamp-
sia in smoking women remains an open
question. However, the immunological
changes seen in smoke-exposed pregnant
women and mice will help us define the
mechanisms causing complicated preg-
nancies and ultimately finding novel
therapies. f
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APPENDIX
SUPPLEMENTAL FIGURE 1
Gating strategy lymphocytes

A, Lymphocytes were selected based on forward and side scatter plots. Further T-cell subsets were defined using additional gates. For example,
CD3�CD4�Foxp3� Treg cells were gated based on positive staining for antibodies against B, CD3, C, CD4, and D, Foxp3. E, Isotype controls were used
to more precisely define positions of gates.
Prins. Smoking and the maternal immune response. Am J Obstet Gynecol 2012.
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SUPPLEMENTAL FIGURE 2
Gating strategy monocytes

A, Monocytes were selected based on CD11b and F4/80. CD11b-hi and F4/80-intermediate cells were considered monocytes. B, The CD11b-hi and
F4/80-intermediate monocytes were gated for CD43 and GR1 to distinguish the GR1-hi and GR1-lo subset.
Prins. Smoking and the maternal immune response. Am J Obstet Gynecol 2012.
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