
Pregnancy and Preeclampsia Affect Monocyte Subsets in
Humans and Rats
Barbro N. Melgert1,4., Floor Spaans1*., Theo Borghuis2, Pieter A. Klok2, Bart Groen3, Annemarie Bolt3,

Paul de Vos1, Maria G. van Pampus3, Tsz Y. Wong3, Harry van Goor2, Winston W. Bakker2,

Marijke M. Faas1

1 Division of Medical Biology, Department of Pathology and Medical Biology, University Medical Center Groningen and University of Groningen, Groningen, The

Netherlands, 2 Department of Pathology and Medical Biology, University Medical Center Groningen and University of Groningen, Groningen, The Netherlands,

3 Department of Obstetrics and Gynaecology, University Medical Center Groningen and University of Groningen, Groningen, The Netherlands, 4 Department of

Pharmacokinetics, Toxicology and Targeting, University of Groningen, Groningen, The Netherlands

Abstract

Introduction: Both nonclassical and intermediate monocytes have been implicated in different inflammatory conditions. We
hypothesized that these monocytes would increase during pregnancy, a condition associated with generalized activation of
inflammatory responses and that they would increase even more during preeclampsia, in which inflammatory responses are
further stimulated. In the present study we investigated changes in monocyte subsets during healthy pregnancy and
preeclampsia in humans and rats.

Methods: Blood monocyte subsets of nonpregnant, preeclamptic and healthy pregnant women were identified with CD14
and CD16. In nonpregnant and pregnant rats, blood monocytes were identified with CD172a and CD43, as well as in rats
infused with adenosine triphosphate (ATP), a pro-inflammatory stimulus known to induce preeclampsia-like symptoms.
Total and CD206-positive macrophages were quantified in placentas of these animals.

Results: Lower percentages of classical monocytes were found in pregnant women (91%–[83–98%]) compared to
nonpregnant women (94%–[90–98%]) and even less in preeclamptic patients (90%–[61–92%]). In contrast, the percentage
of combined nonclassical/intermediate monocytes was higher in pregnant women (8.5%–[2.3–16.6%] vs. 5.6%–[1.9–9.5%])
and even higher in preeclamptic patients (9.9%–[7.8–38.7%]), which was caused by a selective increase of intermediate
monocytes. In rats, we also found lower percentages of classical monocytes and higher percentages of nonclassical
monocytes in pregnant versus nonpregnant rats. ATP infusion increased the percentage of nonclassical monocytes in
pregnant rats even further but not in nonpregnant rats. These nonclassical monocytes showed a more activated phenotype
in pregnant ATP-infused rats only. Mesometrial triangles of ATP-infused rats had less CD206-positive macrophages as
compared to those of saline-infused rats.

Conclusion: The higher percentage of nonclassical/intermediate monocytes found in pregnancy and preeclampsia confirms
their association with inflammatory responses. The observation that ATP stimulated numbers/activation of nonclassical
monocytes in pregnant rats only, suggests that nonclassical monocytes are specifically altered in pregnancy and may play a
role in the pathophysiology of preeclampsia.
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Introduction

During pregnancy the maternal immune system adapts to

accommodate the semi-allogeneic fetus [1,2]. A major alteration

involves significant activation of the innate immune system as

reflected by an increase in the number of peripheral blood

monocytes [3–7]. From the second trimester onwards these cells

also display an activated phenotype comparable to that seen in

systemic sepsis [7–11]. Human monocytes consist of 3 subsets

according to the Nomenclature Committee of the International

Union of Immunological Societies [12] and appear to have

different functions [13]. Whether the changes in monocyte

number and behavior during pregnancy are the result of changes

in monocyte subsets is unknown and is the subject of the present

communication.

The new classification of monocytes is based on the expression

of CD14 (receptor for lipopolysaccharide) and CD16 (Fcc receptor

III) [12]. CD14-hi CD16-neg monocytes are commonly referred
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to as the ‘‘classical subset’’. Classical monocytes are associated with

extravasation and inflammation. Once infiltrated into tissues, these

monocytes develop into macrophages and help with pathogen

clearance and wound healing [14]. CD14-lo CD16-hi monocytes

are commonly referred to as the ‘‘nonclassical subset’’ and CD14-

hi CD16-int monocytes as the ‘‘intermediate subset’’. The

intermediate subset has been suggested to be a transitional

population between the classical and the nonclassical subsets

[12] and has often been grouped together with the nonclassical

subset in literature, collectively also called the nonclassical subset.

The function of the intermediate subset is not known, but the

combined nonclassical and intermediate subsets have been

thought to replenish tissue resident macrophages and dendritic

cells [14] and have been shown to produce pro-inflammatory

cytokines [12,15]. Their pro-inflammatory association was also

illustrated by the fact that their number increases during

inflammatory conditions, such as during sepsis [12,16,17].

In rats, a similar subdivision of monocyte subsets as found in

humans can be made based on the marker CD43 [18]. A CD43-lo

subset was found to be similar to the classical subset and a CD43-

hi subset was found to be similar to the nonclassical subset in

humans [14]. The rat could thus potentially serve as a model for

studying monocyte subsets during pregnancy.

In the present study we investigated monocyte subsets in

peripheral blood of pregnant and nonpregnant women and rats.

We hypothesized that as pregnancy is considered a pro-

inflammatory condition, in particular nonclassical/intermediate

monocytes would be increased in this condition. In addition to

healthy pregnancy, we also investigated monocyte subsets in

subjects with preeclampsia, a major pregnancy complication with

unknown etiology and only partly known pathogenesis [19]. This

disorder originates in the placenta, which contains ischemic areas.

Circulating factors in maternal blood, produced by the ischemic

placenta, cause endothelial dysfunction and systemic inflammatory

responses leading to the clinical manifestations of the disease, i.e.

hypertension, proteinuria and edema [20]. The systemic inflam-

matory response is reflected by a significant increase in peripheral

blood monocytes and an altered activation status of these

monocytes as compared to healthy pregnancy [21–26]. We

therefore hypothesized that during preeclampsia nonclassical/

intermediate monocytes may even be further increased as

compared to normal pregnancy.

Changes in monocytes during preeclampsia could result from

the presence of pro-inflammatory factors. One of the pro-

inflammatory factors found elevated in blood of preeclamptic

women is adenosine triphosphate (ATP) [28]. We have previously

shown that ATP infusion in pregnant rats is pro-inflammatory and

induces preeclampsia-like symptoms [29]. Therefore, ATP could

be a factor affecting monocyte subsets in pregnant individuals. We

thus also studied whether infusing pregnant rats with the pro-

inflammatory stimulus ATP could induce changes in monocyte

subsets similar to those seen in human preeclampsia.

Monocytes were shown to infiltrate the decidua with the onset

of pregnancy and develop into regulatory macrophages and

immature dendritic cells [30–34].These macrophages have been

postulated to be essential for proper spiral artery remodeling and

inducing tolerance of the fetus [32,35,36], but it is unknown if they

develop from one specific subset of monocytes. Therefore, we also

studied placentas of these pregnant rats to evaluate whether ATP

would affect the number of regulatory macrophages in the

decidua.

Materials and Methods

Ethics statement
The present human study was performed after approval of the

Medical Ethics Committee (application number NL25930.042.08)

at the University Medical Center Groningen. Signed informed

consent forms were received from all participants.

All animal experiments were approved by the Institutional

Animal Care and Use Committee of the University of Groningen

(application number DEC-4270C). All surgeries were performed

under isoflurane/oxygen anesthesia and all efforts were made to

minimize suffering including the use of buprenorphine for pain

management after surgery.

Patients
Patients with early-onset preeclampsia (n = 26) and healthy

pregnant controls (n = 23) were recruited from the antenatal ward

of the University Medical Center Groningen. Preeclampsia was

defined according to the standards of the International Society for

the Study of Hypertension in Pregnancy (ISSHP): diastolic blood

pressure of 90 mmHg or more on two or more consecutive

occasions more than 4 hrs apart and proteinuria of more than

300 mg/24 hours [37]. We included early-onset preeclamptic

women, defined as the onset of preeclampsia before 34 weeks.

Blood samples were taken from nonpregnant women and from

patients with preeclampsia and healthy pregnant women between

week 28 and 32 of pregnancy. The nonpregnant women (n = 19)

were recruited from hospital staff and students. Exclusion criteria

for all groups were pre-existing hypertension, diabetes mellitus,

vasculitis, renal disease, autoimmune disease, malignancies or

women who had recent trauma or surgery.

Maternal blood samples of both pregnant and preeclamptic

women were collected during routine blood sampling. Blood

samples were drawn from the antecubital vein into 10 mL tubes

containing EDTA (Venoject, Terumo Europe NV, Leuven,

Belgium). Samples were immediately prepared for flow cytometry.

See Table 1 for patient characteristics.

Human blood leukocyte counts
Before cell staining for flow cytometry, part (500 ml) of human

blood samples was used to establish total blood leukocyte numbers.

Leukocytes were counted using a microcell counter (model Sysmex

PocH 100i, Sysmex Netherlands, Etten-Leur, the Netherlands).

Staining of human blood for flow cytometry
All blood samples were immediately diluted with RPMI-1640

(1:1) and incubated with PE-conjugated anti-CD16 antibodies

(Biolegend, Uithoorn, the Netherlands) and with FITC-conjugated

anti-CD14 antibodies (Biolegend) for 30 minutes in the dark.

Subsequently the red blood cells were lysed using BD FACSTM

Lysing Solution (BD Biosciences, Breda, the Netherlands) for

5 minutes. The cells were then washed twice (with 1% bovine

serum albumin in PBS), fixed with 2% paraformaldehyde and kept

in the dark at 4uC (no longer than one day) until FACS analysis.

All steps were performed at room temperature.

Data collection and evaluation
Data were collected on a BD LSR II Flow Cytometer (BD

Biosciences) and were analyzed using FlowJo software (Tree star,

Inc., Ashland, OR, USA). At least 200.000 events were counted

per analysis.

In the gating strategy used for analysis of the three monocyte

subsets in human blood, live cells were first selected from the

forward/side scatter plot (see Figure 1A). Subsequently the
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monocytes were selected from the live cells in the forward/side

scatter plot and were then copied to a CD14/CD16 plot (see

Figure 1B). Three subsets were identified: CD14-hi CD16-neg

(classical subset), CD14-lo CD16-hi (nonclassical subset) and

CD14-hi CD16-int (intermediate subset) (see Figure 1C). The

percentages of the three populations within the monocyte

population were calculated (% of monocytes). We used the official

nomenclature for the 3 subsets, but for the sake of comparing with

other, older publications that did not make a distinction between

nonclassical and intermediate monocytes, we also used the

combined nonclassical/intermediate subset. Absolute monocyte

numbers were calculated using the leukocyte count and percentage

of monocytes in the population of live cells.

Animals
Female Wistar outbred rats (about 200 g) were kept in a

temperature and light-controlled room (lights on from 7:30 AM

until 7:30 PM) with free access to food and water. Until selection

for experiments, vaginal smears were taken daily, and rats were

rendered pregnant by housing them on pro-oestrus with fertile

males for one night.

When spermatozoa were detected in the smear the next day,

this day was designated as day 0 of pregnancy. In a number of the

rats, a cannula was inserted into the right jugular vein under

isoflurane/oxygen anesthesia as described previously [38]. This

cannula allows stress-free blood sampling and infusions. All efforts

were made to minimize suffering of animals.

Experimental design animal experiment
In an initial experiment we tested whether in rat pregnancy,

similar to human pregnancy, monocyte subsets changed. In this

experiment, pregnant (day 20; n = 5) and nonpregnant (n = 5) rats

were sacrificed by aortic punction under anesthesia (isoflurane/

oxygen). EDTA blood samples were taken for analysis of leukocyte

counts and flow cytometry.

In a second experiment, rats were infused with the pro-

inflammatory stimulus ATP [29,39] in order to evaluate whether a

pro-inflammatory stimulus during pregnancy increases the non-

classical monocyte subset. Pregnant rats were infused with

3000 mg/kg bw ATP in 2.0 ml saline (n = 9) or with 2.0 ml saline

alone (n = 7) on day 14 of pregnancy as described before [29].

Nonpregnant rats were infused with 3000 mg/kg bw ATP in

2.0 ml saline (n = 6) or saline alone (n = 5) on di-oestrus. For

determination of leukocyte counts and for flow cytometry EDTA

blood samples (0.4 ml) were taken from the jugular vein cannula

7 days before (day 7), 1 day before (day 13), 1 day after (day 15)

and 3 days after (day 17) the infusion. Blood samples on day 20

were taken during sacrifice by aortic punction under anesthesia

(isoflurane/oxygen). At the time of sacrifice, placentas with

mesometrial triangle were dissected from the uterine horn and

fixed in paraformaldehyde (4%) for 24 hrs. They were then

transferred to alcohol (70%) until embedding in paraffin.

Rat blood leukocyte counts
Before cell staining for flow cytometry, 20 ml of EDTA rat blood

was diluted in 500 ml pOCH buffer (Sysmex Netherlands) for

leukocyte counts. Leukocytes were counted using a microcell

counter (model Sysmex PocH 100i, Sysmex Netherlands).

Staining of rat blood for flow cytometry
Whole blood samples were stained to identify monocyte subsets

(i.e. for CD172a and CD43 expression) and in rats from

experiment 2 the activation status of monocytes was also

investigated using CD4 and CD62L expression. Samples were

washed with PBS and subsequently incubated with PE-conjugated

anti-CD172a (Biolegend) and AlexaFluor647-conjugated anti-

CD43 (Biolegend) to identify the two monocyte subsets (30 min-

utes in the dark). In addition, samples of rats from experiment 2

were also incubated with FITC-conjugated anti-CD4 (BD

Pharmingen) and PercP-conjugated anti-CD62L (Biolegend), or

with isotype controls to assess the activation status of monocytes.

After antibody incubation, cells were washed with 0,5 ml FACS

buffer (PBS with 2% fetal calf serum and 1,3 mM EDTA) and red

blood cells were lysed and leukocytes fixed by incubation with BD

FACSTM Lysing Solution (BD Biosciences) for 30 minutes. Cells

were subsequently washed twice, resuspended in FACS buffer and

kept in the dark at 4uC (no longer than one day) until FACS

analysis. All steps were performed at room temperature.

Table 1. Patient characteristics of nonpregnant, healthy pregnant and preeclamptic women.

Nonpregnant
(n = 19)

Pregnant
(n = 23)

Preeclampsia
(n = 26)

Maternal age (Y) 26.5 (23–35) 30 (21–39) 30 (23–40)

Caucasian 19 23 26

Blood sampling

Gestational age (wk) NA 29.8 (28–32) 30 (23–31.0)

Systolic blood pressure (mmHg) nd nd* 160 (140–200)

Diastolic blood pressure (mmHg) nd nd* 105 (90–115)

Proteinuria (g/24 hr) nd nd* 1.1 (0.3–7.1)

Delivery

Gestational age (wk) NA 40 (38.4–42) 30.6 (25.8–34.3)#

Birth weight (g) NA 3570 (2820–4430) 1123.5 (530–2000)#

Medians plus range are shown. Mann Whitney U comparisons were made between nonpregnant – pregnant women and pregnant – preeclamptic women, significant
differences (p,0.01) are indicated by #.
nd: not determined; NA: not applicable.
*: Blood pressure and protein content of urine of healthy pregnant women was within normal ranges and not routinely recorded.
doi:10.1371/journal.pone.0045229.t001
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Data collection and evaluation
Data were collected on a BD LSR II Flow Cytometer (BD

Biosciences) and were analyzed using FlowJo software (Tree star).

At least 200.000 cells were counted per analysis.

In the gating strategy used for analysis of monocyte subsets in

rat blood, live cells were first selected from the forward/side scatter

plot (see Figure 2A). From the live cells a wide gate around the

monocytes was drawn (rat monocytes are often not a distinct

population in the forward/side scatter, thus to be sure to include

all monocytes we decided to set a wider gate in the forward/side

scatter) and copied to a dot plot in which the classical (CD43-lo)

and nonclassical (CD43-hi) monocytes were identified based on

expression of CD43 and CD172a (see Figure 2B–D).

To analyze CD4 and CD62L expression on monocyte subsets,

blood samples stained with isotype controls were used to set a gate

that for each fluorescent label (FITC for CD4 and PercP for

CD62L) contained no more than 1% of the population. This gate

was subsequently copied to the CD4 and CD62L stained samples,

after which the mean fluorescent intensity (MFI) of CD4 and

CD62L expression on monocytes was calculated.

From these data either the percentage of monocytes of a certain

subset within the total monocyte gate (% of monocytes) or the

percentage of a monocyte subset in the whole live population (% of

live) was calculated. Per rat percentage deviation from day 13 was

calculated. Absolute monocyte numbers were calculated using the

leukocyte count and percentage of CD172a+ cells of the

population of live cells.

CD68 and CD206 immunohistochemistry
Total macrophages/monocytes and M2-like macrophages were

identified by staining for CD68 (1:100 diluted, clone ED1, AbD

Serotec, Düsseldorf, Germany) and CD206 (1:1000 diluted;

Abcam, Cambridge, UK) respectively according to standard

methods. In short, paraformaldehyde (4%) fixed paraffin sections

(4 mm) of placentae from rats infused with saline or ATP were

deparaffinized and incubated in 10 mM Tris/1 mM EDTA buffer

pH = 9 (for CD68, 15 min.) or in 10 mM citrate buffer pH = 6 (for

CD206, 10 min.) at 100uC for antigen retrieval. After incubation

with 10% normal goat serum (30 min.) mouse-anti-CD68 or

rabbit-anti-CD206 antibodies were used as a first step (60 min.).

Sections were washed with PBS (pH = 7.2) and endogenous

peroxidase activity was blocked with 3% H2O2 in methanol and

endogenous avidin/biotin activity was blocked with a Biotin

blocking kit (Dako, Heverlee, Belgium). After washing with PBS,

Figure 1. Flow cytometric gating strategy for monocyte subsets in human peripheral blood. Dead cells were excluded by selecting all live
cells from the forward/side scatter plot (A), after which monocytes were selected (B). Subsequently, cells were plotted for their CD14 and CD16
expression, after which three distinct subpopulations of monocytes (classical, nonclassical and intermediate) could be selected and analyzed (C).
doi:10.1371/journal.pone.0045229.g001
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biotin-conjugated goat-anti-mouse (for CD68, Southern Biotech,

Birmingham, AL, USA) and biotin-conjugated goat-anti-rabbit

(for CD206, Dako) were added as a second step (30 min.). Sections

were washed with PBS, peroxidase conjugated streptavidin (Dako)

was added (30 min.) and the staining was subsequently visualized

by 3-amino-9-ehtyl-carbazole. Haematoxylin was used as a

nuclear staining. All of the incubation steps of the staining

procedures were carried out at room temperature. Control

sections, which were consistently negative, were sections incubated

without the first antibody.

Morphometric analysis of immunohistochemical
stainings

Sections stained for CD68 and CD206 were scanned using an

Aperio ScanScope CS and analyzed with Aperio ImageScope

v10.2.2.2319 (Aperio, Vista, CA, USA). The ‘Positive pixel Count

V9’ algorithm was used to analyze CD68 or CD206-positive (red)

pixels as well as total unstained tissue pixels in both the decidua

and the mesometrial triangle (comparable to human placental bed)

of the rat placenta. Subsequently these data were used to calculate

the percentage of CD68 or CD206-positive tissue in each of the

two compartments.

Statistical analysis
For statistical analysis of differences in monocyte subsets in

human blood samples we used a nonparametric Kruskall Wallis

test followed by Mann Whitney U tests. For testing differences

between monocyte subsets in the first rat experiment and testing

differences in staining for CD68 and CD206 Mann Whitney U

tests were performed as well. For statistical analysis of the

longitudinal data in the second rat experiment nonparametric

Friedman repeated measures tests were performed followed by

Figure 2. Flow cytometric gating strategy for monocyte subsets in rat peripheral blood. Dead cells and red blood cells were excluded by
selecting all live cells from the forward/side scatter plot (A), after which a wide gate around the monocytes and granulocytes was selected (B) and
copied to a CD172a/CD43 plot (C). The total monocyte population (used for calculating the total monocyte numbers) was selected from the CD172a/
CD43 plot (C) and subsequently plotted in a new graph to calculate the percentages of the two classical (CD43-lo) and nonclassical (CD43-hi) subsets
in the total monocyte population (D).
doi:10.1371/journal.pone.0045229.g002
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Dunn’s posttests comparing day-13 pre-infusion values with day

15, 17 or 20 post-infusion values. Differences were considered to

be significant if p,0.05 and a statistical trend if p,0.1. The data

are presented as medians with either the range or the interquartile

range depicted.

Results

Human peripheral blood monocyte subsets in pregnant
and preeclamptic individuals

Compared to nonpregnant women, a significantly higher

number of leukocytes was found in healthy pregnant women

and an even higher number in preeclamptic women as compared

to healthy pregnant women (Table 2). Also, total monocyte

numbers were significantly higher in healthy pregnant women

compared to nonpregnant women (Table 2).

To study the changes in monocyte subsets during pregnancy

and preeclampsia, peripheral blood of nonpregnant, healthy

pregnant and preeclamptic women was stained for the 3 subsets,

i.e. the classical, the nonclassical and the intermediate subsets.

Significantly lower percentages of classical monocytes (defined as

the percentage of the total monocyte population) were found in

healthy pregnant women as compared to nonpregnant controls

(p,0.01, Figure 3A). In preeclamptic patients, the percentage of

classical monocytes was even lower as compared to healthy

pregnant women (p,0.05, Figure 3A). The percentage of the

combined nonclassical/intermediate monocytes, on the other

hand, was significantly higher in healthy pregnant women

compared to nonpregnant women (p,0.01, Figure 3B) and even

higher in preeclamptic patients as compared to healthy pregnant

women (p,0.05, Figure 3B).

Division of the combined nonclassical/intermediate monocytes

into the nonclassical subset and the intermediate subset [12]

showed no significant differences in the percentage of nonclassical

monocytes between the three groups (Figure 3C), though a trend

towards lower nonclassical monocytes was observed in preeclamp-

tic women compared to healthy pregnant women. In contrast,

significantly higher percentages of intermediate monocytes were

found in peripheral blood of healthy pregnant women as

compared to nonpregnant women (p,0.01, Figure 3D) and even

higher percentages in peripheral blood of preeclamptic patients as

compared to healthy pregnant women (p,0.001, Figure 3D).

Rat peripheral blood monocyte subsets during
pregnancy

Both peripheral blood leukocyte numbers (trend) and total

monocyte numbers (p,0.05) were higher in pregnant rats

compared to nonpregnant rats (Table 3). In rats, only two

monocyte subsets are distinguished, the nonclassical (CD43-hi)

and the classical (CD43-lo) monocytes. To evaluate whether

similar changes in monocyte subsets in rat pregnancy occur as in

human pregnancy, we compared the percentages of classical and

nonclassical monocytes in peripheral blood between nonpregnant

and pregnant rats at the end of pregnancy (day 20). In pregnant

rats, the percentage of classical monocytes was significantly lower

while the percentage of nonclassical monocytes was significantly

higher compared to nonpregnant rats (p,0.01, Figure 4A and B).

Effect of pro-inflammatory ATP on monocyte subsets
during rat pregnancy

As pregnancy and preeclampsia are pro-inflammatory condi-

tions, we investigated in a second experiment whether a pro-

inflammatory stimulus during pregnancy was able to induce the

increase in nonclassical monocytes seen in human pregnancy and

preeclampsia. As pro-inflammatory stimulus we used ATP,

because it is increased in preeclampsia [28] and induced

preeclamptic-like symptoms in pregnant rats [29].

As controls we used pregnant saline-infused rats, which allowed

us to study the course of changes in monocyte subsets during

pregnancy. Figures 5A and B show that CD43-lo monocytes are

not significantly different between pregnant and nonpregnant

animals during the course of pregnancy (comparisons were made

between the saline-treated pregnant and saline-treated nonpreg-

nant rats) and that CD43-hi monocytes are higher in pregnant rats

from day 13 onwards.

No effects of ATP infusion as compared with saline infusion

were observed on the percentages of monocyte subsets in

nonpregnant rats (Figures 5A and 5B). However, in pregnant

rats, infusion with ATP induced a significant increase in the

percentage of nonclassical monocytes on day 17 and 20 of

pregnancy compared to pre-infusion values on day 13, while this

significant increase was not observed in the saline-infused pregnant

animals (p,0.05, Figure 5B). No changes were found in the

percentage of classical monocytes after ATP or saline infusion in

pregnant or non-pregnant rats (Figure 5A).

To investigate whether ATP also activated monocytes, we

evaluated CD62L and CD4 expression before and after infusion

with ATP or saline in pregnant rats and in nonpregnant rats.

CD62L and CD4 are early and late activation markers of rat

monocytes, respectively, and their expressions are known to

decrease after activation [21,40–43]. One day after ATP infusion

in pregnant rats, expression of the early activation marker CD62L

on nonclassical monocytes was decreased (trend p,0.1 on day 15,

Figure 6A) as compared to pre-infusion values. No differences

were found at later time points for this marker. CD4 expression on

nonclassical monocytes on the other hand was not significantly

different from pre-infusion values shortly after ATP infusion (days

15 and 17), but was significantly decreased on day 20 (p,0.05 on

day 20, Figure 6B). No changes in CD4 and CD62L expression

were observed on classical monocytes after ATP or saline infusion

in pregnant rats (data not shown). Moreover, no effects of CD62L

and CD4 expression on either classical or nonclassical monocytes

were observed after ATP or saline infusion in nonpregnant rats

(data not shown).

Table 2. Leukocyte and monocyte counts in the human
peripheral blood samples of nonpregnant, healthy pregnant
and preeclamptic women.

Nonpregnant
(n = 19)

Pregnant
(n = 23)

Preeclampsia
(n = 26)

Leukocyte count
(6109 cells/L)

6.5 (4.2–11.2) 8.5 (5.8–14.2)# 10.5 (6.1–18.2)*

Total monocyte
count
(6109 cells/L)**

0.3 (0.1–0.8) 0.6 (0.4–0.9)̂ 0.5 (0.1–1.1)

Medians plus range are shown. Mann Whitney U comparisons were made
between nonpregnant – pregnant women and pregnant – preeclamptic
women. #: p,0.01 pregnant compared to nonpregnant women, *: p,0.05
preeclamptic compared to healthy pregnant women, :̂ p,0.0001 pregnant
compared to nonpregnant women.
**: as determined from the leukocyte counts and percentage of monocytes in
the population of live cells of the flow cytometric analysis.
doi:10.1371/journal.pone.0045229.t002

Monocyte Subsets in Pregnancy and Preeclampsia
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Effect of pro-inflammatory ATP on total and M2-like
macrophages in rat placenta

To investigate whether the changes we found in monocyte

subsets were associated with changes in M2-like/regulatory

macrophages in the placenta, we quantified the percentage total

macrophages (CD68-positive macrophages) and M2-like/regula-

tory macrophages (CD206-positive macrophages) in the decidua

and mesometrial triangle (comparable to human placental bed) of

placentas of rats exposed to saline or ATP (by quantifying the

Figure 3. Human monocyte subsets in peripheral blood. Lower percentages of classical monocytes were observed in healthy pregnant
women (Pr, squares) as compared to nonpregnant women (NP, circles) and even less in preeclamptic women (PE, triangles) compared to healthy
pregnant women (A). Higher percentages of combined nonclassical/intermediate monocytes were found in pregnant women compared to
nonpregnant women and even higher percentages in preeclamptic patients compared to healthy pregnant women (B). When subdividing into
nonclassical and intermediate monocytes, no significant changes were observed in nonclassical monocytes (C), though a trend towards lower
nonclassical monocytes was observed in preeclamptic women compared to healthy pregnant women. In contrast, higher percentages of
intermediate monocytes were found in healthy pregnant women compared to nonpregnant women and even higher percentages in preeclamptic
patients compared to healthy pregnant women (D). Medians are shown, #p,0.1, *p,0.05; **p,0.01; ***p,0.001; Mann Whitney U test.
doi:10.1371/journal.pone.0045229.g003

Figure 4. Rat monocyte subsets in peripheral blood on day 20 of pregnancy. At the end of pregnancy (day 20) in rats (Pr, squares), the
percentage of classical monocytes decreases (A) and the percentage of nonclassical monocytes rises (B) as compared to nonpregnant rats (NP,
circles). Medians are shown, **p,0.01; Mann Whitney U test.
doi:10.1371/journal.pone.0045229.g004
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percentage of positively-stained area in the total decidual/

mesometrial triangle area).

Most of the staining for CD68-positive macrophages was

located in the lower part of the decidua neighboring the

trophospongium, while only few CD206-positive macrophages

were found in the decidua. We found no differences in the

percentage area stained for CD68-positive and CD206-positive

decidual macrophages between saline and ATP-infused rats

(Figures 7A and 7C).

Macrophages in the mesometrial triangle were located through-

out the interstitium and around spiral arteries. We found no

differences in the percentage area stained for CD68-positive

mesometrial macrophages between saline and ATP-infused rats

(Figure 7B). CD206-positive macrophages were mainly located

around spiral arteries in the outer rim of the mesometrial triangle

close to the longitudinal myometrial muscle layer. The percentage

area stained for these macrophages was found to be lower (p,0.1,

trend) in ATP-infused rats as compared to saline-infused rats

(Figure 7D).

Discussion

This study shows that the percentage of combined nonclassical/

intermediate monocytes is higher during pregnancy in humans

and in rats as compared to nonpregnant controls. This increase in

nonclassical/intermediate monocytes is in accordance with the

general view that pregnancy resembles a pro-inflammatory

condition [8]. Most studies on monocyte subsets have focused on

the combined nonclassical/intermediate monocytes. In the present

communication we also investigated the separate intermediate and

nonclassical subsets present in humans. We found that a higher

percentage of intermediate monocytes in contrast to nonclassical

monocytes is responsible for the higher percentage of combined

nonclassical/intermediate monocytes. In pregnant women with

preeclampsia, a condition with a further enhanced pro-inflamma-

tory status as compared to healthy pregnancy [20], these

differences were even more prominent. Moreover, data obtained

in pregnant rats suggest that the higher percentage of nonclassical

monocytes is induced by circulating pro-inflammatory stimuli

present during preeclampsia (ATP in the present study) and is

accompanied by lower numbers of regulatory/M2-like macro-

phages around the spiral arteries in the mesometrial triangle.

The changes in monocyte subsets observed in this study support

the notion that pregnancy is a pro-inflammatory condition, which

is even more prominent in preeclampsia. Immunologically,

pregnancy is characterized by a shift from Th1 towards Th2

responses and a generalized activation of nonspecific immunity

[8,44,45]. The observed changes in monocyte subsets in the third

trimester of pregnancy may fit well within this altered inflamma-

tory status, as higher numbers of combined nonclassical/interme-

diate monocytes have been associated with several inflammatory

diseases [46–49]. For instance, higher numbers of circulating

combined nonclassical/intermediate monocytes have been report-

ed in sepsis, rheumatoid arthritis, HIV-1 infection, metastatic

cancer, tuberculosis and asthma [46–49]. The combined nonclas-

sical/intermediate monocyte subset consists of 2 subpopulations

and our data indicate that an increase in intermediate monocytes

is responsible for the higher percentage of this combined subset in

healthy pregnancy and preeclampsia. Data from other inflamma-

tory conditions (sepsis, asthma, rheumatoid arthritis, atheroscle-

rosis, HIV-1 infection) confirm that intermediate monocytes are

specifically found to be present in higher numbers during

inflammation [46,48,50,51].

Although the exact functions of the different monocyte subsets

remain uncertain, compared to classical monocytes, combined

nonclassical/intermediate monocytes produce higher amounts of

TNF-a and IL-1ß after stimulation, exhibit lower phagocytic

activity and have higher antigen presenting capacity [15,46,51–

Table 3. Leukocyte and monocyte counts in peripheral blood
samples of nonpregnant and pregnant rats.

Nonpregnant
(n = 5)

Pregnant
(n = 5)

Leukocyte count
(6109 cells/L)

3.2 (2.1–5.1) 5.6 (3.7–7.0)#

Total monocyte
count
(6109 cells/L)**

0.13 (0.07–0.49) 0.57 (0.29–0.59)*

Medians plus range are shown. Mann Whitney U comparisons were made
between nonpregnant and pregnant rats, significant differences (p,0.05) are
indicated by *, a statistical trend (p,0.1) by #.
**: as determined from the leukocyte counts and percentage of CD172a+ cells
of the population of live cells of the flow cytometric analysis.
doi:10.1371/journal.pone.0045229.t003

Figure 5. Rat monocyte subsets after ATP or saline infusion. No
changes in classical monocytes (as percentage of live cells) (A) were
found after ATP (solid line, solid symbols) or saline infusion (dashed line,
open symbols) between pregnant (Pr, squares) and nonpregnant (NP,
circles) rats infused on day 14 of pregnancy, while the percentage of
nonclassical monocytes (B) increased after ATP-infusion in the pregnant
rats only. Medians with the interquartile range are shown, *p,0.05 in a
Friedman repeated measures test followed by Dunn’s posttest
compared to day 13 (pre-infusion). a = p,0.05 and b = p,0.1 in
pregnant saline vs nonpregnant saline as tested with Mann Whitney
U for the same day. NP + saline n = 5; NP + ATP n = 6; Pr + saline n = 7; Pr
+ ATP n = 9.
doi:10.1371/journal.pone.0045229.g005
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54]. With respect to the function of the various subsets of

monocytes in pregnancy, no specific data have been published to

our knowledge. In a nonpregnant situation, studies have shown

that the transcriptome of the intermediate subset is consistent with

pro-inflammatory characteristics and that these monocytes show

high production of toxic oxygen radicals [51]. Data from other

studies suggest that nonclassical monocytes, as opposed to

intermediate monocytes, are prepared to move out of the

circulation because they have the highest expression of genes

involved in adhesion and transendothelial migration [51,55,56]. It

would therefore appear that nonclassical monocytes have a role in

tissues, because they show a phenotype that allows extravasation

and that intermediate monocytes have a role as circulating, pro-

inflammatory cells representing a first line of host defense. An

increased activational state of these cells may be necessary to

compensate for the adaptation of adaptive immunity during

pregnancy, i.e. a shift away from a Th1 type immune responses

[44].

As functional studies into human monocyte subsets in vivo are

limited, we explored whether the changes we found in pregnant

women correlated with pregnant rats. In rats, only two monocyte

subsets are found. These are characterized by high expression of

CD172a (signal-regulatory protein alpha) and either low or high

expression of CD43 (leukosialin) [18]. CD172a+ CD43-lo

monocytes have been found to be comparable to classical

monocytes and CD172a+ CD43-hi monocytes to nonclassical

monocytes, with no further subdivision reported of these

nonclassical monocytes [14]. At the end of pregnancy, in healthy

pregnant rats, we found higher percentages of total monocytes on

average as compared to nonpregnant animals, similar to the

human situation. Moreover, the nonclassical subset was also

higher during rat pregnancy, similar to human pregnancy. This

increase in nonclassical monocytes was already observed from day

13 of pregnancy until the end of pregnancy, suggesting that the

pro-inflammatory condition in the rat develops in the second week

of pregnancy. Whether this timing will be similar in humans

remains to be investigated. However, previously it has been shown

that phenotypical monocyte activation is increased in the second

trimester and further increased in the third trimester [7],

suggesting that also in human pregnancy the pro-inflammatory

condition develops during the second trimester.

To investigate whether the higher percentage of nonclassical

monocytes in preeclampsia could be induced by pro-inflammatory

stimuli, we infused pregnant rats with ATP, a pro-inflammatory

stimulus [29]. We found a further increase in nonclassical

monocytes in pregnant rats infused with ATP as compared to

control pregnant rats infused with saline. This supports our

hypothesis that a pro-inflammatory stimulus in preeclampsia is

responsible for the increase in nonclassical monocytes in this

condition. In addition, in women with preeclampsia higher levels

of ATP are observed as compared with healthy pregnant

individuals, suggesting that in preeclampsia ATP may play a

pathophysiological role [28].

The increase in the percentage of nonclassical monocytes after

ATP infusion is accompanied by a higher activation status of this

monocyte subset compared to saline treatment. To assess their

activation status we used two markers known to be downregulated

during activation of monocytes, i.e. CD62L (L-selectin) and CD4.

CD62L is rapidly, but transiently, shed after pro-inflammatory

signals [41,42], while CD4 is down regulated for longer periods of

time [40,43]. The shedding of CD62L is thought to be a protective

mechanism against excessive or aberrant monocyte recruitment

[42], while the function of CD4 down regulation remains

unknown. Interestingly, ATP does not have these effects on

monocytes from nonpregnant animals or on classical monocytes

from pregnant animals. Apparently the pregnant condition per sé

alters the responsiveness of nonclassical monocytes leading to

enhanced activation after a pro-inflammatory stimulus. We

speculate that the characteristics of preeclampsia following

infusion of ATP into pregnant rats are mediated (at least in part)

by enhanced activity of nonclassical monocytes [29,57].

Our study shows that changes in monocyte subsets in the

peripheral circulation in our rat model appear to be accompanied

by changes in macrophage subsets in the mesometrial triangle, i.e.

the placental bed. A trend towards decreased numbers of M2–like

or regulatory macrophages was observed in the mesometrial

triangle on day 20 of pregnancy in ATP-infused rats as compared

with saline-infused control rats. This may be similar to the human

situation in which we have previously shown lower expression of

M2 macrophage markers in deciduas of pregnancies later

complicated with pregnancy-induced hypertension [58]. However,

our studies still not answer the question how numbers and type of

peripheral blood monocytes and placental macrophages are

related. From mouse studies, it has been suggested that classical

monocytes infiltrate acutely inflamed tissue [59], while nonclassical

Figure 6. Activation of nonclassical monocytes after ATP
infusion in pregnant rats. Activation of nonclassical monocytes
was assessed by lower mean fluorescent intensity (MFI) of two
activation markers, CD62L (A, early activation marker) and CD4 (B, late
activation marker) [21,40]. Decreased expression of CD62L was found in
ATP-infused rats only on nonclassical monocytes on day 15 (trend) of
pregnancy compared to pre-infusion day 13, while CD4 expression on
nonclassical monocytes was decreased on day 20 of pregnancy
compared to pre-infusion day 13 in the same experimental group.
Percentage deviations from pre-infusion day 13 are shown. Medians
with the interquartile range are shown, #p,0.1 (trend), *p,0.05 in a
Friedman repeated measures test followed by Dunn’s posttest
compared to day 13 (pre-infusion). NP + saline n = 5; NP + ATP n = 6;
Pr + saline n = 7; Pr + ATP n = 9.
doi:10.1371/journal.pone.0045229.g006
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monocytes are suggested to replenish tissue macrophages in steady

state conditions [27,60]. It is tempting to speculate that during

normal pregnancy nonclassical monocytes infiltrate the mesome-

trial triangle and that this process is inhibited after ATP infusion in

pregnant rats.

The exact mechanism which induced the higher percentages of

nonclassical monocytes in pregnancy and preeclampsia remains to

be established. ATP, as suggested above, but also pro-inflamma-

tory cytokines released from the placenta may be responsible [61],

as well as shedding of syncytiotrophoblast membrane micropar-

ticles (STBMs) [62]. STBMs have been found to activate

monocytes and are significantly increased during preeclampsia

[63–65], but unfortunately none of these studies looked into the

different monocyte subsets. Recent studies focusing on the

interaction between activated platelets and monocytes may also

offer an explanation for increased intermediate monocytes [66].

Preeclampsia is characterized by platelet activation [67] and these

studies showed that activated platelets expand the pool of

intermediate monocytes in a cyclooxygenase-2-dependent manner

[66].

In conclusion, during pregnancy in humans and in rats the

percentage of the pro-inflammatory combined nonclassical/

intermediate monocytes is higher, which is in line with the pro-

inflammatory status of healthy pregnancy. In humans this increase

is caused by an increase in intermediate monocytes within this

combined nonclassical/intermediate monocyte subset. During

preeclampsia intermediate monocytes are even further increased.

The observation that ATP enhanced numbers and activation of

nonclassical monocytes in pregnant rats only, suggests that this

subset is specifically altered in pregnancy and that they may play a

role in the pathophysiology of preeclampsia. Whether this specific

subsets infiltrates the mesometrial triangle, i.e. placental bed in

healthy pregnancy, remains to be established.
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Figure 7. Total and CD206-positive macrophages in placentas of saline and ATP-infused pregnant rats. No changes in total, CD68-
positive macrophages (as percentage positively stained tissue) were found after ATP-infusion (squares) in the decidua (A) and mesometrial triangle
(B) as compared to saline-infusion (circles). Staining for CD206-positive macrophages was found to be lower in mesometrial tissue (D) of rats infused
with ATP compared to saline. No differences were found for CD206 in decidual tissue between ATP and saline-infused rats (C). Medians are shown,
#p,0.1; Mann Whitney U test.
doi:10.1371/journal.pone.0045229.g007

Monocyte Subsets in Pregnancy and Preeclampsia

PLOS ONE | www.plosone.org 10 September 2012 | Volume 7 | Issue 9 | e45229



References

1. Munoz-Suano A, Hamilton AB, Betz AG. (2011) Gimme shelter: The immune

system during pregnancy. Immunol Rev 241(1): 20–38.

2. Veenstra van Nieuwenhoven AL, Heineman MJ, Faas MM. (2003) The
immunology of successful pregnancy. Hum Reprod Update 9(4): 347–357.

3. Veenstra van Nieuwenhoven AL, Bouman A, Moes H, Heineman MJ, de Leij

LF, et al. (2002) Cytokine production in natural killer cells and lymphocytes in
pregnant women compared with women in the follicular phase of the ovarian

cycle. Fertil Steril 77(5): 1032–1037.

4. Minagawa M, Narita J, Tada T, Maruyama S, Shimizu T, et al. (1999)
Mechanisms underlying immunologic states during pregnancy: Possible

association of the sympathetic nervous system. Cell Immunol 196(1): 1–13.

5. Kuhnert M, Strohmeier R, Stegmuller M, Halberstadt E. (1998) Changes in
lymphocyte subsets during normal pregnancy. Eur J Obstet Gynecol Reprod

Biol 76(2): 147–151.

6. Siegel I, Gleicher N. (1981) Peripheral white blood cell alterations in early labor.

Diagn Gynecol Obstet 3(2): 123–126.
7. Luppi P, Haluszczak C, Betters D, Richard CA, Trucco M, et al. (2002)

Monocytes are progressively activated in the circulation of pregnant women.

J Leukoc Biol 72(5): 874–884.

8. Sacks G, Sargent I, Redman C. (1999) An innate view of human pregnancy.
Immunol Today 20(3): 114–118.

9. Sacks GP, Studena K, Sargent K, Redman CW. (1998) Normal pregnancy and

preeclampsia both produce inflammatory changes in peripheral blood leukocytes
akin to those of sepsis. Am J Obstet Gynecol 179(1): 80–86.

10. Smarason AK, Gunnarsson A, Alfredsson JH, Valdimarsson H. (1986)

Monocytosis and monocytic infiltration of decidua in early pregnancy. J Clin
Lab Immunol 21(1): 1–5.

11. Shibuya T, Izuchi K, Kuroiwa A, Okabe N, Shirakawa K. (1987) Study on

nonspecific immunity in pregnant women: Increased chemiluminescence
response of peripheral blood phagocytes. Am J Reprod Immunol Microbiol

15(1): 19–23.

12. Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, et al. (2010)
Nomenclature of monocytes and dendritic cells in blood. Blood 116(16): e74–80.

13. Wong KL, Yeap WH, Tai JJ, Ong SM, Dang TM, et al. (2012) The three

human monocyte subsets: Implications for health and disease. Immunol Res.

14. Gordon S, Taylor PR. (2005) Monocyte and macrophage heterogeneity. Nat
Rev Immunol 5(12): 953–964.

15. Ancuta P, Liu KY, Misra V, Wacleche VS, Gosselin A, et al. (2009)

Transcriptional profiling reveals developmental relationship and distinct
biological functions of CD16+ and CD162 monocyte subsets. BMC Genomics

10: 403.

16. Zimmermann HW, Seidler S, Nattermann J, Gassler N, Hellerbrand C, et al.
(2010) Functional contribution of elevated circulating and hepatic non-classical

CD14CD16 monocytes to inflammation and human liver fibrosis. PLoS One

5(6): e11049.

17. Fingerle G, Pforte A, Passlick B, Blumenstein M, Strobel M, et al. (1993) The
novel subset of CD14+/CD16+ blood monocytes is expanded in sepsis patients.

Blood 82(10): 3170–3176.

18. Ahuja V, Miller SE, Howell DN. (1995) Identification of two subpopulations of
rat monocytes expressing disparate molecular forms and quantities of CD43.

Cell Immunol 163(1): 59–69.

19. Redman CW, Sargent IL. (2005) Latest advances in understanding preeclamp-
sia. Science 308(5728): 1592–1594.

20. Redman CW, Sargent IL. (2010) Immunology of pre-eclampsia. Am J Reprod

Immunol 63(6): 534–543.

21. Faas MM, Schuiling GA, Linton EA, Sargent IL, Redman CW. (2000)
Activation of peripheral leukocytes in rat pregnancy and experimental

preeclampsia. Am J Obstet Gynecol 182(2): 351–357.

22. Faas MM, Broekema M, Moes H, van der Schaaf G, Heineman MJ, et al. (2004)
Altered monocyte function in experimental preeclampsia in the rat. Am J Obstet

Gynecol 191(4): 1192–1198.

23. Faas MM, Donker RB, van Pampus MG, Huls AM, Salomons J, et al. (2008)
Plasma of pregnant and preeclamptic women activates monocytes in vitro.

Am J Obstet Gynecol 199(1): 84.e1–84.e8.

24. Faas MM, van Pampus MG, Anninga ZA, Salomons J, Westra IM, et al. (2010)
Plasma from preeclamptic women activates endothelial cells via monocyte

activation in vitro. J Reprod Immunol 87(1–2): 28–38.

25. Peracoli MT, Bannwart CF, Cristofalo R, Medeiros Borges VT, Araujo Costa
RA, et al. (2011) Increased reactive oxygen species and tumor necrosis factor-

alpha production by monocytes are associated with elevated levels of uric acid in

pre-eclamptic women. Am J Reprod Immunol.

26. van Nieuwenhoven AL, Moes H, Heineman MJ, Santema J, Faas MM. (2008)
Cytokine production by monocytes, NK cells, and lymphocytes is different in

preeclamptic patients as compared with normal pregnant women. Hypertens
Pregnancy 27(3): 207–224.

27. Auffray C, Fogg D, Garfa M, Elain G, Join-Lambert O, et al. (2007) Monitoring

of blood vessels and tissues by a population of monocytes with patrolling
behavior. Science 317(5838): 666–670.

28. Bakker WW, Donker RB, Timmer A, van Pampus MG, van Son WJ, et al.

(2007) Plasma hemopexin activity in pregnancy and preeclampsia. Hypertens
Pregnancy 26(2): 227–239.

29. Faas MM, van der Schaaf G, Borghuis T, Jongman RM, van Pampus MG, et al.

(2010) Extracellular ATP induces albuminuria in pregnant rats. Nephrol Dial
Transplant 25(8): 2468–2478.

30. Engert S, Rieger L, Kapp M, Becker JC, Dietl J, et al. (2007) Profiling

chemokines, cytokines and growth factors in human early pregnancy decidua by
protein array. Am J Reprod Immunol 58(2): 129–137.

31. Gustafsson C, Mjosberg J, Matussek A, Geffers R, Matthiesen L, et al. (2008)

Gene expression profiling of human decidual macrophages: Evidence for

immunosuppressive phenotype. PLoS One 3(4): e2078.
32. Kammerer U, Eggert AO, Kapp M, McLellan AD, Geijtenbeek TB, et al. (2003)

Unique appearance of proliferating antigen-presenting cells expressing DC-

SIGN (CD209) in the decidua of early human pregnancy. Am J Pathol 162(3):
887–896.

33. Lessin DL, Hunt JS, King CR, Wood GW. (1988) Antigen expression by cells

near the maternal-fetal interface. Am J Reprod Immunol Microbiol 16(1): 1–7.

34. Svensson J, Jenmalm MC, Matussek A, Geffers R, Berg G, et al. (2011)
Macrophages at the fetal-maternal interface express markers of alternative

activation and are induced by M-CSF and IL-10. J Immunol 187(7): 3671–3682.

35. Smith SD, Dunk CE, Aplin JD, Harris LK, Jones RL. (2009) Evidence for
immune cell involvement in decidual spiral arteriole remodeling in early human

pregnancy. Am J Pathol 174(5): 1959–1971.

36. Houser BL, Tilburgs T, Hill J, Nicotra ML, Strominger JL. (2011) Two unique
human decidual macrophage populations. J Immunol 186(4): 2633–2642.

37. Brown MA, Lindheimer MD, de Swiet M, Van Assche A, Moutquin JM. (2001)

The classification and diagnosis of the hypertensive disorders of pregnancy:
Statement from the international society for the study of hypertension in

pregnancy (ISSHP). Hypertens Pregnancy 20(1): IX–XIV.

38. Faas MM, Bakker WW, Valkhof N, Schuiling GA. (1999) Effect of estradiol and
progesterone on the low-dose endotoxin-induced glomerular inflammatory

response of the female rat. Am J Reprod Immunol 41(3): 224–231.

39. Junger WG. (2011) Immune cell regulation by autocrine purinergic signalling.

Nat Rev Immunol 11(3): 201–212.
40. Scriba A, Schneider M, Grau V, van der Meide PH, Steiniger B. (1997) Rat

monocytes up-regulate NKR-P1A and down-modulate CD4 and CD43 during

activation in vivo: Monocyte subpopulations in normal and IFN-gamma-treated
rats. J Leukoc Biol 62(6): 741–752.

41. Buhrer C, Graulich J, Stibenz D, Dudenhausen JW, Obladen M. (1994) L-

selectin is down-regulated in umbilical cord blood granulocytes and monocytes
of newborn infants with acute bacterial infection. Pediatr Res 36(6): 799–804.

42. Kerner T, Ahlers O, Spielmann S, Keh D, Buhrer C, et al. (1999) L-selectin in

trauma patients: A marker for organ dysfunction and outcome? Eur J Clin Invest
29(12): 1077–1086.

43. Steiniger B, Stehling O, Scriba A, Grau V. (2001) Monocytes in the rat:

Phenotype and function during acute allograft rejection. Immunol Rev 184: 38–
44.

44. Warning JC, McCracken SA, Morris JM. (2011) A balancing act: Mechanisms

by which the fetus avoids rejection by the maternal immune system.

Reproduction 141(6): 715–724.
45. Sargent IL, Borzychowski AM, Redman CW. (2007) Immunoregulation in

normal pregnancy and pre-eclampsia: An overview. Reprod Biomed Online 14

Spec No 1: 111–117.

46. Rossol M, Kraus S, Pierer M, Baerwald C, Wagner U. (2011) The CD14(bright)
CD16+ monocyte subset is expanded in rheumatoid arthritis and promotes

Th17 expansion. Arthritis Rheum.

47. Rivier A, Pene J, Rabesandratana H, Chanez P, Bousquet J, et al. (1995) Blood
monocytes of untreated asthmatics exhibit some features of tissue macrophages.

Clin Exp Immunol 100(2): 314–318.

48. Poehlmann H, Schefold JC, Zuckermann-Becker H, Volk HD, Meisel C. (2009)
Phenotype changes and impaired function of dendritic cell subsets in patients

with sepsis: A prospective observational analysis. Crit Care 13(4): R119.

49. Ziegler-Heitbrock L. (2007) The CD14+ CD16+ blood monocytes: Their role in
infection and inflammation. J Leukoc Biol 81(3): 584–592.

50. Moniuszko M, Bodzenta-Lukaszyk A, Kowal K, Lenczewska D, Dabrowska M.

(2009) Enhanced frequencies of CD14++CD16+, but not CD14+CD16+,
peripheral blood monocytes in severe asthmatic patients. Clin Immunol 130(3):

338–346.

51. Zawada AM, Rogacev KS, Rotter B, Winter P, Marell RR, et al. (2011)
SuperSAGE evidence for CD14++CD16+ monocytes as a third monocyte

subset. Blood.

52. Skrzeczynska-Moncznik J, Bzowska M, Loseke S, Grage-Griebenow E, Zembala

M, et al. (2008) Peripheral blood CD14high CD16+ monocytes are main
producers of IL-10. Scand J Immunol 67(2): 152–159.

53. Frankenberger M, Sternsdorf T, Pechumer H, Pforte A, Ziegler-Heitbrock HW.

(1996) Differential cytokine expression in human blood monocyte subpopula-
tions: A polymerase chain reaction analysis. Blood 87(1): 373–377.

54. Belge KU, Dayyani F, Horelt A, Siedlar M, Frankenberger M, et al. (2002) The

proinflammatory CD14+CD16+DR++ monocytes are a major source of TNF.
J Immunol 168(7): 3536–3542.

55. Ancuta P, Rao R, Moses A, Mehle A, Shaw SK, et al. (2003) Fractalkine

preferentially mediates arrest and migration of CD16+ monocytes. J Exp Med
197(12): 1701–1707.

Monocyte Subsets in Pregnancy and Preeclampsia

PLOS ONE | www.plosone.org 11 September 2012 | Volume 7 | Issue 9 | e45229



56. Rogacev KS, Seiler S, Zawada AM, Reichart B, Herath E, et al. (2011)

CD14++CD16+ monocytes and cardiovascular outcome in patients with chronic
kidney disease. Eur Heart J 32(1): 84–92.

57. Faas MM, Schuiling GA, Baller JF, Bakker WW. (1995) Glomerular

inflammation in pregnant rats after infusion of low dose endotoxin. an
immunohistological study in experimental pre-eclampsia. Am J Pathol 147(5):

1510–1518.
58. Prins JR, Faas MM, Melgert BN, Huitema S, Timmer A, et al. (2012) Altered

expression of immune-associated genes in first-trimester human decidua of

pregnancies later complicated with hypertension or foetal growth restriction.
Placenta 33(5): 453–455.

59. Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M, et al. (2004)
Subpopulations of mouse blood monocytes differ in maturation stage and

inflammatory response. J Immunol 172(7): 4410–4417.
60. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, et al. (2010)

Development of monocytes, macrophages, and dendritic cells. Science

327(5966): 656–661.
61. Keelan JA, Mitchell MD. (2007) Placental cytokines and preeclampsia. Front

Biosci 12: 2706–2727.

62. van der Post JA, Lok CA, Boer K, Sturk A, Sargent IL, et al. (2011) The

functions of microparticles in pre-eclampsia. Semin Thromb Hemost 37(2): 146–

152.

63. Germain SJ, Sacks GP, Sooranna SR, Sargent IL, Redman CW. (2007)

Systemic inflammatory priming in normal pregnancy and preeclampsia: The

role of circulating syncytiotrophoblast microparticles. J Immunol 178(9): 5949–

5956.

64. Messerli M, May K, Hansson SR, Schneider H, Holzgreve W, et al. (2010) Feto-

maternal interactions in pregnancies: Placental microparticles activate periph-

eral blood monocytes. Placenta 31(2): 106–112.

65. Southcombe J, Tannetta D, Redman C, Sargent I. (2011) The immunomod-

ulatory role of syncytiotrophoblast microvesicles. PLoS One 6(5): e20245.

66. Passacquale G, Vamadevan P, Pereira L, Hamid C, Corrigall V, et al. (2011)

Monocyte-platelet interaction induces a pro-inflammatory phenotype in

circulating monocytes. PLoS One 6(10): e25595.

67. Sibai B, Dekker G, Kupferminc M. (2005) Pre-eclampsia. Lancet 365(9461):

785–799.

Monocyte Subsets in Pregnancy and Preeclampsia

PLOS ONE | www.plosone.org 12 September 2012 | Volume 7 | Issue 9 | e45229


