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Abstract

Despite much interest in the mechanisms regulating fetal-maternal interactions, information on leukocyte populations and
major cytokines present in uterus and placenta remains fragmentary. This report presents a detailed and quantitative study
of leukocyte populations at the mouse fetal-maternal interface, including a comparison between pregnancies from
syngeneic and allogeneic crosses. Our results provide evidence for drastic differences not only in the composition of
leukocyte populations in the uterus during pregnancy, but also between uterine and placental tissues. Interestingly, we
have observed a significant decrease in the number of myeloid Gr1+ cells including monocytes, and myeloid CD11c+ cells
including DCs in placenta from an allogeneic pregnancy. In addition, we have compared the expression levels of a panel of
cytokines in non-pregnant (NP) or pregnant mouse uterus, in placenta, or in their isolated resident leukocytes. Qualitative
and quantitative differences have emerged between NP, pregnant uterus and placenta. Unexpectedly, IL-9 was the major
cytokine in NP uterus, and was maintained at high levels during pregnancy both in uterus and placenta. Moreover, we have
found that pregnancy is associated with an increase in uterine IL-1a and a significant decrease in uterine G-CSF and GM-CSF.
Comparing allogeneic versus syngeneic pregnancy, less allogeneic placental pro-inflammatory cytokines CCL2 (MCP-1),
CXCL10 (IP-10) and more IL1-o in whole uterus was reproducibly observed. To our knowledge, this is the first report
showing a detailed overview of the leukocyte and cytokine repertoire in the uterus of virgin females and at the fetal-
maternal interface, including a comparison between syngeneic and allogeneic pregnancy. This is also the first evidence for
the presence of IL-9 in NP uterus and at the maternal-fetal interface, suggesting a major role in the regulation of local
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inflammatory or immune responses potentially detrimental to the conceptus.
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Introduction

Understanding the intricate mechanisms regulating mammalian
fetal-maternal interactions has remained a challenging goal for
biologists for several decades [1]. During pregnancy, the maternal
immune system faces the double task of protecting itself and the

conceptus against pathogens, as well as preventing the rejection of

the semi-allogeneic feto-placental unit [2].

Although the murine and human placentae differ in their
detailed structure [3], we have chosen the mouse model because
the human and mouse immune systems have numerous similar-
ities, and the two species share a hemochorial placentation as well
as many functional mechanisms and regulations at the fetal-
maternal interface. For ethical and practical reasons, human
samples are obtained only at early stages of pregnancy or after
delivery, or they come from spontaneous or therapeutic abortions,
possibly introducing a bias in the study of various cell populations.
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Despite much interest in the mechanisms regulating fetal-
maternal interactions in normal or pathological situations in mice,
information on the different leukocyte populations at the fetal-
maternal interface remains fragmentary. During pregnancy, the
uterus undergoes drastic modifications in order to allow the
mmplantation of the embryo, a necessary step for its survival and
development. Concomittantly, the uterine endometrium is trans-
formed into decidua around the implantation site. It is induced
under the influence of many factors including LIF and progester-
one [4]. Decidualisation consists of tissue remodeling and
angiogenesis associated with massive leukocyte infiltration [5,6],
primarily uterine NK cells [7-11].

Stromal and immune cells present at the fetal-maternal interface
are suspected to play many important roles in the maintenance
and regulation of pregnancy [2,12-15].

Numerous cytokines have been shown also to play important
roles in decidualisation and placentation, as well as maintenance of
pregnancy [6]. Disturbance of the normal expression or balance of
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these cytokines could result in complete or partial failure of
implantation and abnormal placenta formation in mice or
humans, leading to pregnancy failure [4]. During later phases of
gestation, a Th2 cytokine profile, responsible for the down-
modulation of pro-inflammatory and cytotoxic responses, has been
assumed to be in favor of the success of pregnancy [16-18]. This
cytokine bias at the fetal-maternal interface is thought to prevent
fetal harm from inflammatory responses. Likewise, the immuno-
suppressive environment would be preventing maternal adaptive
cytotoxic responses against the fetal-placental unit. Among Th2
cytokines, IL-10 is immunosuppressive on Thl cells and acts
primarily on antigen presenting cells (APCs) to induce T cell
anergy or IL-10 producing Tregs, most of which also produce
TGFp. TGFP is a pleiotropic cytokine with potent immunosup-
pressive activity on the majority of the cellular components of
immune responses. Both IL-10 and TGFp have been shown to be
present in important amounts at the fetal-maternal interface in
mice and humans [6,19-24], where they are assumed to play an
immunoregulatory role. Recently, an important chemokine gene
silencing mechanism has been described in decidual stromal cells,
limiting T cell access to the maternal-fetal interface [15]. An
alternative mechanism deciphered by the same group showed that
dendritic cells in the decidua are trapped i situ and prevented
from migrating to the uterine lymphatic vessels to reach the
draining lymph nodes [25].

The present report provides novel detailed information on the
different leukocyte populations present at the fetal-maternal
interface from post-implantation to post-partum, including a
comparison between syngeneic and allogeneic pregnancies. Our
results bring evidence for drastic changes, in uterine leukocyte
populations during pregnancy compared to a NP uterus, as well as
major differences in leukocyte distributions between uterus and
placenta. In addition, more subtle differences can be detected
when comparing syngeneic to allogeneic uterus and placenta, such
as a significantly decreased number of myeloid GRI+ cells
including monocytes and myeloid CD11c+ cells including DCs.
Moreover, we have analyzed a panel of pro and anti-inflammatory
cytokines and chemokines produced in the NP or syngeneic or
allogeneic pregnant uterus, and placenta. We have performed the
same analyses at the level of uterine and placental resident
leukocytes. Interesting qualitative and quantitative differences
have emerged between non-pregnant (NP) and pregnant uterus,
and placenta, as well as between syngeneic or allogeneic
pregnancies. As expected, IL-10 was present in large amounts,
but surprisingly, out of the panel of cytokines tested, IL-9 was
present in largest quantities, in NP and pregnant uterus and
placenta. To our knowledge, this is the first report demonstrating
the presence of important amounts of IL-9 at the fetal-maternal
interface. In addition, we observed much lower levels of uterine G-
CSF and GM-CSF during pregnancy. When we compared
allogeneic and syngeneic crosses, the most striking feature was a
lower level of pro-inflammatory cytokines CCL2 and CXCL10 in
allogeneic pregnancy. These novel findings are discussed in the
light of recent findings on the role of IL-9 in the induction of
immunological tolerance to allografts.

Results

Leukocyte preparation from non-pregnant (NP) or
pregnant mouse uterus and placenta

Few studies have described in detail the different leukocyte
populations at the fetal-maternal interface, in part due to the
difficulty to prepare significant numbers of viable immune cells
from the placenta and uterus. In order to better understand the
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different roles of the maternal immune system at the fetal-maternal
interface, we first established an optimal protocol to extract
leukocytes from uterus of NP or pregnant mice and from placenta.
We followed the evolution of both uterine and placental leucocyte
populations at different time points during pregnancy. We killed
mice on 5.5 days post coitum (dpc) one day after implantation, on
day 10.5 dpc during placenta formation, and on days 13.5 and
16.5 dpc when the placenta is fully mature and fetal-maternal
immune interactions are most active. Tissues were carefully
dissected and leukocytes were prepared after lengthy optimization
of the protocol.

Leukocytes from uterus and placenta (16.5 dpc) were enriched
on a Percoll gradient (80%/40%). The leukocyte purity was
assessed using the CD45.2 marker, which stained 89 to 97% of cell
preparations from the different tissues, with classical spleen cell
preparations included as positive controls (Figure 1A). Pregnant
uterine leukocyte preparations reached the same purity level as
spleen cells from the same mouse.

In order to assess the contribution of fetal lymphoid cells versus
maternal cells in these populations, we crossed a CD45.2+ B6
female with a CD45.14+ B6 male, and we checked for the presence
of leucocytes of fetal origin bearing both CD45.2+ and CD45.1+
cell markers. Figure 1B shows that, on day 16.5 of gestation, a very
small percentage of fetal cells was detectable in viable cell
preparations from uterus (1.3%) and placenta (4.3%).

Leukocyte population scatter profiles change drastically
during pregnancy

On the basis of size and granulosity measured by flow cytometry
(forward and side scatter profiles, respectively), two viable single
cell populations could be distinguished. In a typical experiment
presented in Figure 2A (left dot plot), larger and more granular
cells gated in R1 represented 74% of the cell preparation from a
pool of NP uterus and presented a very heterogeneous population,
both in size and granulosity, even after doublet elimination. The
minor cell population defined by the R2 gate, much less granular
than cells gated in R1, contained lymphoid and monocytic cells, as
expected. In this particular experiment, it represented 26% of the
total. We have analysed the evolution of these two uterine
leukocyte populations based on scatter profiles, during a syngeneic
B6xB6 pregnancy, on 5.5, 10.5, 13.5 and 16.5 dpc, and 0.5, 2.5
and 5.5 days post partum (dpp). The whole uterus was gently
separated from embryos, extra-embryonic tissues and placentas to
be used for the preparation of leukocytes, except on day 5.5 pc.
when the whole uterus was taken along with recently implanted
embryos. As pregnancy progressed, we observed a clear and
significant diminution of highly granular uterine leukocytes
present in the R1 gate (Figure 2A, right dot plot, d16.5 pc), both
in frequency (Figure 2A and B) and cell numbers (Figure 2C), with
a minimum between 13.5-16.5 dpc in frequency (25%) and
between 10.5-16.5 dpc in number. We observed, in parallel,
significantly more uterine leukocytes present in the R2 gate
between 13.5-16.5 dpc (72%). Interestingly, the distribution
pattern appears to return to the NP R1/R2 ratio within a few
days after delivery (Figure 2B and 2C).

In the same experiment, placental leukocytes were analysed on
the same scatter basis starting from day 10.5 pc, when placenta can
be easily distinguished and dissected from surrounding tissues.
Again, we could clearly observe two cell populations. The more
granular population gated in R1 appeared more homogeneous
than in uterus and represented 43% of placental leukocytes
(Figure 2D). The cell population in the R2 gate contained 56% of
the leukocyte preparation (Figure 2D). During the course of
pregnancy, the percentages of R1 versus R2 placental leukocytes
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Figure 1. Purity of leukocytes and presence of fetal cells after enrichment from placenta and uterus (16.5 dpc). A. Enriched leukocyte
preparations from non-pregnant (NP) uterus, pregnant (16.5 dpc) uterus (P) and placenta were analyzed by flow cytometry. Viable cells excluding
propidium iodide were gated on the basis of forward (FSC) and side scatter (SSC) criteria. The average leukocyte purity assessed by the presence of
the CD45.2 marker was 89.3% for NP uterus, 97% for pregnant uterus, and 95% for placenta, compared to 98% for the spleen (positive control for the
assessment of purity) from the same mice. Analyses were performed on at least 3 animals per group B. CD45.2+ B6 females were crossed with
CD45.1+ B6 males. CD45+ leukocyte populations from the uterus and placenta were analyzed by flow cytometry on day 16.5 pc. The detection of
CD45.1+2+ cells revealed the presence of a small percentage (<5%) of fetal leukocytes. The experiment has been repeated 3 times.

doi:10.1371/journal.pone.0107267.g001

remained around 50% with the exception of 16.5 dpc when R2-
gated cells were significantly more frequent (Figure 2E, p=0.001)
and more numerous (Figure 2F, p=0.05). In addition, both R1
and R2 placental cell numbers were steadily increased from day
10.5 until 16.5 dpe, in parallel to placental maturation and
increase in volume (p<<0.005 for R2 and p<<0.0005 for R1 gates,
Figure 2F).

Thus, in uterus and placenta, pregnancy is associated with
drastic changes in various leukocyte size and granulosity, with cell
frequency and numbers significantly altered during the course of
pregnancy.

Immune cell populations present in the uterus of NP or
pregnant mice, and in placenta

In order to decipher the leukocyte populations present in the
pregnant or NP uterus, we stained the cell preparations with a
panel of lineage specific fluorochrome-coupled monoclonal
antibodies (mAbs) anti-Gr-1, CD11b, CDllc, TCRp chain,
NKI1.1, CD4, CD8, CD19, B220 (Table 1) and analyzed them
by flow cytometry. We chose to perform experiments on 16.5 dpc
when the placenta is fully mature, and the effects of pregnancy on
uterine leukocyte repartition are more pronounced, as indicated
above in the results presented in Figure 2.

A typical experiment is presented in Figure 3. As can be seen in
Figures 3A and 3C, NP or pregnant uterine leukocytes within the
R2 gate (cf. Figure 2A) comprised CD4 T cells (TCRB* CD4"), CD8
T cells (TCRB* CD8Y), NK cells (NK1.1" TCRB™), NKT cells
(TCRB" NKI1.17), B cells (CD19* B220"), myeloid GR-1+ cells
including monocytes (CD11b* Gr-1'), and myeloid CD11c+ cells
including dendritic cells (DCs), positive for the CD11b marker with
two distinct fluorescence levels (CD11b™!°CD11c¢" Gr-17). We
have completed our study with results presented in Figure S1. In
these experiments, live, R2-gated CD45.2+, Grl-, CDI11b+,
CD11c+ cells from uterus or placenta on day 16.5 pc were stained
anti-F4/80, -CCR2 or -MHC class II antibodies. The cell
populations present a heterogeneous level of CD11b expression
from low to intermediate to high. The macrophage marker I'4/80 is
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negative on 2/3 of cells in the placenta and half'the cells in the uterus.
The inflammatory monocyte marker CCR2 is expressed on 75 and
67% of cells in placenta and uterus, respectively. MHC class 11
molecules are present on 42% of placental cells and 65% of uterine
cells with low to high expression. Thus, the R2-gated Gr-1-,
CD45.2+, CD11b+, CD11c+ population is very heterogeneous and
includes both DCs and monocytes/macrophages. That is why we
have adopted the general terms “myeloid Gr-14+(CD11c-) cells” and
“myeloid (Gr-1-) CD1lc+ cells”.

In NP uterus, both R1 and R2 gates comprised a small
population of granulocytes (Gr1™ CD11b™, about 1% of gated
cells) (Figures 3A and 3B). Surprisingly, the majority of R1-gated
cells (60 to 80%) were much larger and more granular than
“classical” granulocytes, expressing high levels of CDI11b. A
fraction of these cells only was Gr-1+ (Figures 2A and 3B). In
addition, these highly granular cells (HGC) do not express the
TCR chain, CD4, CD8, CD19, NK1.1 or B220 molecules (see
below).

We analyzed these cells further, and our results are presented in
Figure 4. As shown in Figure 4A, R1 gated cells from NP uterus
were nearly all CD11b high, F4/80+ and Ly6C+ (98.3 and 99%,
respectively), 60.4% were Ly6G+ (Grl+), including 1% CD11bhi,
Ly6Ghi cells, probably polymorphonuclear neutrophils. Almost all
cells (98.2%) were CCR2- and MHC class II-negative, two
markers known to be expressed on monocytes and APC,
respectively [26,27]. These data show that HGC are not APC
(including B cells, DCs and monocytes). Figure 4B confirmed our
previous results that R1 gated cells were NK1.1-, CD3e-, CD4-
and CD8-negative, but 99.7% CD24+ (a marker of mature
granulocytes in this gate). Moreover, fewer than 5% of R1-gated
cells were stained weakly by DBA (Figure S2). These results
exclude afiT cells, mast cells and uterine NK cells.

In contrast, and as expected, cells from the R2 lymphoid/
monocytoid gate expressed heterogeneous levels of CD11b and
Ly6C, less than 5% were Ly6G+cells (possibly a small neutrophil
contamination from gate R2), 24.6% CCR2+, MHC class II+
(migratory monocytes/DCs) and 8.8% MHOGC class I1I + cells
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Figure 2. Drastic changes in the scatter distribution of leukocytes from NP, or pregnant uterus, and placenta at various stages of a
syngeneic pregnancy. The same protocol as Figure 1 was followed. Viable cells excluding propidium iodide were gated on the basis of forward
(FSC) and side scatter (SSC) criteria, from uterus (A) or placenta (D). Mean percentages (B, E) and total cell numbers (C, F) in « granular » (R1 gate, white
bars) or « lymphoid/monocytoid » (R2 gate, black bars) are presented. NP uteri were pooled from 4 to 15 mice in all phases of cestrus cycle and the
experiment was repeated 6 times. At each stage of pregnancy or post-partum, the data were collected from 4 to 14 mice assayed in 2 to 9 separate

experiments. (¥) p=0.05, (**) p=0.005, (***) p=0.001.
doi:10.1371/journal.pone.0107267.g002

(Figure 4A). As shown in Figure 4B, 18.9% cells were positive for
both macrophage markers CD11b and F4/80. R2-gated cells also
contained CDI11b+, NKI.1+ cells (34.6%), 9.6% CDI1lb-,
NKI1.1+ cells, 39.2% CDI11b+,CD24+ cells (granulocytes and B
cells), and small percentages of CD8+ and CD4+ T cells (0.9 and
2.1%, respectively).

When CD45.2+, CD11b+, F4/80+ cells from the granular R1
gate were sorted on slides and stained with Wright/Giemsa, a
great majority of cells were large granular polymorphonuclear
leukocytes with eosinophilic granules i.e. eosinophils (Figure 4C).
The same sort from R2 cells yielded a majority of monocytes/
macrophages (Figure 4D).

In order to synthesise the results on cell populations, data was
presented in Figure 5. “Similarities and differences” in leukocyte
frequencies between NP and pregnant uterus have been
highlighted in Figure 5A and 5B. Similarities referred to
comparable cell percentages, varying at most by a factor of 2.
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Differences corresponded to large statistically significant differ-
ences by factors ranging from 4 to 700.

Interestingly, R2-gated B cell, NK cell and granulocyte
frequencies were not affected by pregnancy in uterus (Figure 5A,
Figure 3A and C). In contrast, among R2-gated cells, the
percentages of CD4 and CD8 T cell, NKT cells, myeloid GR1+
cells and CD11b""™ myeloid CD11c+ cells are all increased by a
factor of 2 to 7, while NK cells were decreased by a factor of 3.6.
High granulosity cells (HGC), the most abundant in NP uterus
(69% of Rl-gated cells), became barely detectable during
pregnancy (<0.1% of R1+R2 leukocytes) (Figure 5B).

Neutrophils (SSC-A™ CD11b™ Gr-1") were much more
numerous in pregnant uterus (20.8% of R1 cells) than in NP
uterus (1% of R1 cells) (Figure 3B and D).

In the placenta, as shown in Figure 3E, CD4 T cells were
10.9% of R2-gated cells, CD8 T cells 4.8%, and NK cells
represented the smallest population with 1.3% of cells in the R2
gate. NK'T cells were below detection level in this particular
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Table 1. Antibody and dilutions used for flow cytometry staining.
Dilution
Specificity Clone Reference Coupling used 1/n Isotype Supplier
CCR2 475301 FAB5538A APC 100 Rat 19G2b R&D Systems
CD3¢ 145-2C11 1535-02 FITC 200 Armenian Hamster IgG Southern
Biotechnology
CD3¢ 17A2 56-0032-82 A700 400 Rat 1gG2b, k eBioscience
CcD4 GK1.5 1540-09 PE 400 Rat 1gG2b, « Southern
Biotechnology
CcD4 RM4-5 12-0042 PE 400 Rat 19G2a, k Southern
Biotechnology
CcD4 RM4-5 550954 PerCP-Cy5.5 1000 Rat IgG2a, « BD bioscience
CD8a 53-6.7 1550-02 S FITC 400 Rat 1gG2a, k eBioscience
CD8au. 53-6.7 11-0081 FITC 400 Rat 19G2a, k eBioscience
CD8a. 53-6.7 25-0081-82 PE-Cy7 800 Rat 1gG2a, k eBioscience
CD11b M1/70 48-0112-82 eFluor450 400 Rat 1gG2b, k¥ eBioscience
CD11b M1/70 557672 Alexa488 400 Rat 1gG2b, k¥ BD Pharmingen
CD11b M1/70 11-0112-85 FITC 400 Rat 19G2b, k eBioscience
CD11b M1/70 12-0112 PE 400 Rat 19G2b, k eBioscience
CD11c N418 25-0114-82 PE-Cyanine7 400 Armenian Hamster IgG1, « eBioscience
m CD11c HL3 558079 PE-Cy7 500 Armenian Hamster 1gG1, A2 BD bioscience
CD16/CD32 24G2 553-142 Purified 200 Rat 1gG2b, « BD bioscience
CcD19 1D3 553785 FITC 400 Rat 1gG2a, k BD bioscience
m CD24 M1/69 17-0242-82 APC 1000 Rat 1gG2b, k¥ eBioscience
m CDA45.1 A20 560520 V450 500 Mouse IgG2a, BD bioscience
m CD45.2 104 558702 APC 500 Mouse IgG2a, « BD bioscience
m CD45.2 104 553771 biotin 800 Mouse IgG2a, BD bioscience
m CD45.2 104 560697 V450 300 Mouse IgG2a, « BD bioscience
m CD45.2 104 11-0454-81 FITC 200 Mouse IgG2a, eBioscience
F4/80 BM8 47-4801-82 APC-eFluor780 200 Rat 19G2a, k eBioscience
Gr-1 RB6-8C5 553125 Biotin 400 Rat 1gG2b, x BD bioscience
Gr-1 RB6-8C5 553128 PE 400 Rat 1gG2b, « BD bioscience
Ly-6C AL-21 553104 FITC 1000 Rat IgM, BD bioscience
Ly6G 1A8 551461 PE 600 Rat 1gG2a, k BD bioscience
MHC I (I-A/I-E) M5/114.15.2 56-5321-82 A700 400 Rat 1gG2b, k eBioscience
MHC 1I (I-A/I-E) 2G9 558593 PE 400 Rat 19G2a, k BD bioscience
MHC 1 (I-A/I-E) AF6-120.1 553552 PE 400 Mouse IgG2a, k BD bioscience
NK1-1 PK136 557391 PE 400 Mouse IgG2a, « BD bioscience
NK1-1 PK136 12-5941-82 PE 400 Mouse IgG2a, « eBioscience
TCRp H57-597 13-5961-85 biotin 500 Armenian Hamster IgG eBioscience
Streptavidin-PE-Cy7 NA 557598 PE-Cyanine?7 500 NA BD bioscience
Streptavidin-APC NA 17-4317-82 APC 400 NA eBioscience
Syrian Hamster IgG NA 007-000-003 Purified 200 Whole IgG molecules Jackson
ImmunoResearch
SYTOX Blue dead cell stain NA $34857 NA 5000 NA Life technologies
NA: not applicable.
doi:10.1371/journal.pone.0107267.t001

experiment. Surprisingly, R2-gated cells comprised mainly 24.8% Quantitative analysis of leukocyte population variations
B cells and 30.1% myeloid Grl+ cells. Myeloid CDI1lc+ cells in a pool of B6 NP versus pregnant uterus, including a
(including DCis) represented 6.6%. The R1 gate mainly contained comparison between syngeneic and allogeneic
granulocytes, 91.1% (Figure 3F).

pregnancy

As shown in Figures 6A and 6B, most uterine leukocyte
populations were significantly increased in percentages (of all
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Figure 3. Analyses of immune cell populations present in the uterus of NP or pregnant mice, and in placenta (16.5 dpc). Only viable
cells excluding propidium iodide were analysed. Enriched leukocytes from NP (A,B) or pregnant (16.5 dpc) uterus (C,D) and placenta (E,F) were
analysed by flow cytometry. R2-gated cells (left, cf. Figure 2) were analysed on the basis of the following cell surface markers: TCRB*/CD4" (CD4 T
cells); TCRB*/CD8" (CD8 T cells); NK1.1*/TCRB™ (NK cells); TCRB*/NK1.1* (NKT cells); CD19%/B220" (B cells); Gr1*/CD11b* (myeloid Gr1+ cells including
monocytes); Grl ~/CD11c/CD11bH oW (myeloid CD11c+ cells including DCs). R1-gated cells (right, cf. Figure 2) were analysed on the basis of the
following cell surface markers: Gr1*/CD11b* (Granulocytes); CD11b"/Gr1*/Gr1*/~/CD11c¢*~ (Highly granulosity cells or HGC). The results are
representative from a typical experiment of a pool of 7 mice (A, B) or from a single mouse (C, D, E, F). The experiment was repeated at least twice with

3-6 animals per assay.
doi:10.1371/journal.pone.0107267.g003

RI1+R2 gated leukocytes) and numbers during pregnancy,
compared to the NP state. In a pregnant uterus, myeloid
CDl1lc+ cells were the most frequent and numerous leukocyte
populations (around 34%) followed by NK (10%), myeloid GR1+
cells (around 10%), afT cells (7%), B (1 to 2%) and NKT cells
(1%). Remarkably, HGC have virtually disappeared from the
pregnant uterus, as seen previously in Figure 2A.

Another striking feature is that no significant differences are
found in uterine populations (frequencies or numbers), when
allogeneic and syngeneic pregnancies are compared (Figures 6A

and 6B).

Comparative analysis of immune cell populations present
in placenta during syngeneic and allogeneic pregnancy

In placenta, we used the same gating strategy as in uterus. All
cell populations were present at 16.5 dpc in different proportions
except for HGC, which were nearly absent (Figures 6C and 6D).
In placentas from the same syngeneic pregnant mice, the cell
distributions were significantly different from the uterus. The most
frequent and numerous cell types among all leukocytes were
granulocytes (33%), followed by B cells (15 to 20%), myeloid
GR 1+ cells (17 to 9%), apT cells (8 to 11%) and myeloid CD11c+
cells (4 to 2%). NK were a small minority of cells (1 to 2%), and
NKT cells were barely detectable, again in contrast to the uterus
(Figure 6). Placental leukocyte populations (assessed in individual
animals) were also compared in syngeneic versus allogeneic
pregnancy (Figure 6C and 6D). Our results showed a significant
decrease in frequency and numbers of myeloid GR1+ cells (from
17 to 9%, p<<0,03), and myeloid CD11c+ cells (from 4 to 2% p<
0,05) in allogeneic pregnancy. In contrast, B cell percentages were
significantly increased in the allogeneic situation (from 15 to 20%
p<<0,05) but differences in number were not significant.
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In conclusion, during the second half of gestation, nearly all
leukocyte populations are present in the uterus and placenta, but
they are distributed in significantly different numbers and
frequencies in both organs. As shown in Figure 5C, similarities
between leukocyte populations include comparable frequencies of
CD4 and CD8 T cells, while percentages of myeloid Grl+ cells
comprising monocytes/macrophages are also in the same range.
In contrast, NK, NKT cells and myeloid CD11c+ cells are much
more frequent in pregnant uterus than in placenta, while B cells
and granulocytes are much more abundant in placenta than in
uterus (Figure 5D).

Comparing allogeneic to syngeneic pregnancies, contrary to
uterus, differences can be detected in placental leukocyte
proportions and numbers. It thus seems that the recognition of
paternal alloantigens has more detectable consequences on
placental than uterine leukocytes, with a significant decrease in
placental myeloid GR1+ cells and myeloid CD11c+ cells.

Quantification of uterine and placental cytokines and
chemokines in syngeneic pregnancy

It is well known that the local cytokine and chemokine milieu is
critical for maintaining a successful pregnancy, although no
detailed picture has emerged yet. Therefore, we have quantified
22 cytokines simultaneously (IL-1ot, IL-1f, IL-2, IL-4, IL-5, IL-6,
IL-7, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, CSF2 (GM-
CSF), CSF3 (G-CSF), IFN-y, CXCL10 (IP-10), CXCL1 (KC),
CCL2 (MCP-1), CCL3 (MIP-1a)), CCL5 (RANTES), TNF-o) in
lysates from NP or pregnant uterus or placenta, as well as from
enriched uterine leukocytes isolated from the same tissues. The
results are summarized in Figure 7, and compiled in Figure 5, on
the same criteria of similarities and differences as applied to
leukocyte percentages. We have presented cytokine or chemokine
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Figure 4. High granulosity cells in non pregnant uterus are primarily eosinophils. Viable R1- or R2- gated CD45.2+ cells from NP uterus
were analysed by FACS stained for APC and granulocytes markers (CD11b, CD24, CD11b, F4/80, Ly6C, Ly6G, MHC class Il and CCR2) (A, B and Table 1)
and for NK and T cell markers (CD11b, NK1.1, CD3¢, CD8a and CD4) (B and Table 1). The experiment was repeated twice with 6 females each time (A,
B). Viable CD45.2+, CD11b+, F4/80+ R1 (C) or R2 (D) cells were sorted by flow cytometry and spun onto Super + glass microscope slides using a
Cytospin cytofuge. Cells were fixed with methanol and stained with Wright-Giemsa. Pictures were taken on a Nikon H600L microscope equipped with
a DS-Fi2-Nikon camera (C, D). The experiment was performed twice with at least 5 females each time.

doi:10.1371/journal.pone.0107267.g004

values for which we had obtained at least 4 significant
measurements over background.

Interestingly, in NP mice, IL-9 was one of the most abundant
uterine cytokines measured (note the scale differences) in whole
organ (272%75 pg/mg) and the most abundant in enriched
uterine leukocytes (964+237 pg/mg), suggesting it is produced in
majority by leukocytes (Figure 7A). In whole NP uterus, other
cytokines of important quantity were G-CSF (211+64 pg/mg),
which is barely detectable in uterine leukocyte (8 4.6 pg/mg) and
CXCL10 (178%73 pg/mg) again significantly less abundant in
leukocytes than in whole organ, indicating that most of G-CSF
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and around 50% of CXCLI10 are produced in majority by stromal
cells (Figure 7A).

The next most abundant cytokines, after IL-9, detected
primarily in NP uterine leukocytes were GM-CSF (194%60
pg/mg), IL-10 (165%£72 pg/mg), CCL3 (127*6 pg/mg),
CXCL10 (79%39 pg/mg) and CCL2 (4628 pg/mg) (Figure 7A).

Our results indicate that enriched leukocytes from a NP uterus
are the main source of IL-9, the most abundant cytokine we have
measured. They also produce IL-10, GM-CSF, CCL3 and CCL2
(Figure 7A and Figure 5E,F), whereas uterine stromal or epithelial
cells mainly produce G-CSF and CXCL10 (Figure 7A). Other
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Figure 5. Similarities and differences in leukocyte subpopulation frequencies and cytokine/chemokine production between NP,
pregnant uterus and placenta. A, B, C, D: comparison of leukocyte subpopulation frequencies E, F, G, H: comparison of cytokine/
chemokine productions (a) syngeneic pregnancy (day 16.5 pc) (b) cytokines/chemokines from leukocyte-enriched preparations (c) cytokines/
chemokines from whole uterus preparations Similarities referred to comparable cell percentages or cytokine/chemokine quantities, varying at most
by a factor of 2. Differences corresponded to large statistically significant differences by factors ranging from 4 to 700.

doi:10.1371/journal.pone.0107267.g005

cytokines analysed were barely detectable in whole NP uterus and
resident leukocytes (data not shown).

During a syngeneic pregnancy (day 16.5 pc), IL-9 was again the
most abundant cytokine measured in uterus (585*129 pg/mg) or
enriched leukocytes (839%235 pg/mg) (Figure 7B, Figure 5G)
(again note the scale differences, Figure 7B). In contrast, IL-10
expressed in the same range as IL-9 (650263 pg/mg, Figure 5G)
in enriched leukocytes was barely detectable in whole organ
suggesting strongly that leukocytes were the main source of IL-10
(Figure 7B). In pregnant uterus, the next most expressed cytokines
were IL-1a (11727 pg/mg), CXCLI10 (108%=21 pg/mg) and G-
CSF (25£14 pg/mg) expressed in comparable ranges in enriched
leukocytes (173%45, 9268 and 18*6 pg/mg, respectively).
CCL3 (32£13 pg/mg) detectable in pregnant uterus was again
significantly more abundant in enriched leukocytes (130£6
pg/mg).

In day 16.5 pc placenta (Figure 7C), IL-9 was again found at
highest levels both in whole organ (291 £24 pg/mg) and placental

PLOS ONE | www.plosone.org

leukocytes (624*297 pg/mg, Figure 5G) and IL-10 was only
detectable in leukocytes, although in smaller amounts than IL-9
(325237 pg/mg, Figure 5G). CXCL10 (9651 pg/mg), and IL-
low (29%5 pg/mg) were equally distributed between the whole
placenta and placental leukocytes, and in the same dose range as
in pregnant uterus (Figure 7C, Figure 5G). G-CSF is also present
in placenta (9.6%£0.9 pg/mg) and leukocytes (7£3 pg/mg) but in
smaller quantities (Figure 7C). In contrast, CXCL1 (92*4
pg/mg), CCL3 (73%7 pg/mg) and GM-CSF (15*1 pg/mg) are
clearly enriched in leukocytes, (p=0.05) (Figure 7C, Figure 5H)
and CCL2 is mainly produced by stromal cells.

Our data indicate that, similarly to the uterus, IL-9 is the most
abundant cytokine, among the 22 tested, present in the placenta,
both in whole organ or enriched leukocytes. IL-1at and CCL3 are
present in larger quantities in pregnant uterus than in placenta. IL-
9, IL-10 and CXCLI10 are present in comparably large quantities
both in pregnant uterus and in placenta (Figure 2B, 2C,
Figure 5G). In contrast, placental leukocytes produce more
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Figure 6. Comparison of syngeneic versus allogeneic pregnancies from the mean percentages and cell numbers of uterine and
placental leukocyte populations (day 16.5 pc). Mean cell percentages among all viable leukocytes (A and C) and corresponding mean cell
numbers, per uterus (B) or per placenta (D), were measured by flow cytometry in leukocyte subpopulations from NP-uterus (striped bars, A-B),
compared to the uterus from syngeneic (grey bars, A-B) or allogeneic pregnancies (black bars, A-B), and in placenta from syngeneic (grey bars) or
allogeneic pregnancies (black bars, C-D), on day 16.5 pc. NP-uteri were pooled from 4 to 15 mice in all phases of estrus cycle, in at least 3 different
experiments. For each experiment, 3 to 9 placentas or implantation sites were collected. The experiment was performed 4 times. (¥) p=0.05, (**) p=
0.005, (***) p=<0.001.

doi:10.1371/journal.pone.0107267.9006
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Figure 7. Quantification of uterine and placental cytokines and chemokines in syngeneic pregnancy (day 16.5 pc). Uterine and
placental tissues were prepared as described in Materials and Methods : (A) Uteri from NP mice, (B) Uteri from syngeneic pregnancy (day 16.5 dpc),
(C) Placenta from syngeneic pregnancy (same animals). Samples were analyzed simultaneously for the following 22 cytokines: IL-1a, IL-18, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-9, IL-10, IL-12(p70), IL-13, IL-15, IL-17, CSF2 (GM-CSF), CSF3 (G-CSF), IFNy, CXCL10 (IP-10), CXCL1 (KC), CCL2 (MCP-1), CCL3 (MIP-10),
CCL5 (RANTES), TNF-a.. Only IL-9, IL-10, GM-CSF (CSF2), G-CSF (CSF3), CXCL10 (IP-10), IL-Ta, CCL3 (MIP-Tat), CXCL1T (KC), CCL2 (MCP-1) yielded
reproducibly significant measurements and have been presented. Striped bars: whole organ, black bars: enriched leukocytes from the same organ.
Data are from 4 to 5 different samples. Statistically significant differences: (*) p=0.05, (***) p=0.001.

doi:10.1371/journal.pone.0107267.9g007

CXCLI than their uterine counterparts (Figure 2B, 2C, Fig- syngeneic and allogeneic pregnancies) (Figure 8A, TFigure 5F).
ure SH). CXCL10, one of the most abundant cytokine in the whole uterus

is stable at 178%x73 pg/mg in NP uterus, 107£21 pg/mg
Cytokine and chemokine expression levels in uterus from in syngeneic, and 127%8 pg/mg in allogeneic pregnancy

NP versus syngeneic or allogeneic pregnancies (Figure 8A). Remarkably, IL-lo is augmented by 485% in
The experiment presented in Figure 7 has been confirmed and syngeneic pregnancy and 1560% in allogeneic pregnancy (p=
extended to compare NP, and syngeneic versus allogeneic 0.001). CCLS3 is also significantly increased both in syngeneic and
pregnancies. The results are presented in Figure 8. allogeneic situations, although on a smaller scale (Figure 8A).
The amount of uterine IL-9 in the whole NP uterus increases Figure 8B presents the cytokine content in enriched uterine
during pregnancy (Figure 8A), although a statistically significant leukocytes from NP mice (hatched bars), and pregnant mice from
difference is seen in allogeneic crosses only (by 86%, from 272%75 syngeneic (light grey bars), or allogeneic (black bars) crosses. In
pg/mg in NP uterus to 507£56 pg/mg in allogeneic pregnancy, contrast to the whole uterus, the leucocyte content in IL-9 was

p=0.05). In contrast, G-CSF decreases from 211*64 pg/mg in a similarly high in the three situations (between 900 and 1000
NP uterus, to 25 pg/mg (down by more than 80% in both pg/mg, Figure 8B, Figure 5E and G). Compared with the NP
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Figure 8. Cytokine and chemokine expression levels in uterus from NP mice versus syngeneic or allogeneic pregnancies (day 16.5
pa). The same protocol as in Figure 7 was followed. Proteins were measured from whole uterus (A), or from enriched uterine leukocytes (B) from NP
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doi:10.1371/journal.pone.0107267.9008

situation, IL-10 is significantly augmented (294%) in leukocytes
from a syngeneic pregnancy only (p=0.053, Figure 8B, Figure 5F),
and it is also increased by 78% in an allogeneic gestation, and
IL-1o significantly increases during pregnancy in both allogeneic
and syngeneic crosses (by 340 and 140% respectively, (p=0.03,
Figure 8B, Figure 5F).

CCL3, CXCL10, G-CSF, CXCLI and CCL2 are stable in the
3 different conditions (Figure 8B and Figure 5E). In contrast, GM-
CSF is drastically decreased by about 80% in either cases of
pregnancy (p=0.05, Figure 8B, Figure 5F). These results reveal
that pregnancy induces major alterations in the expression pattern
of cytokines in the uterus. When we compared NP and pregnant
conditions, we found a significant increase in the IL-1a expression
level in syngeneic pregnancy and an even more drastic increase
during allogeneic pregnancy. IL-9, IL-10 and CCL3 expression
levels increase also during pregnancy but less drastically. In
contrast, we observed a sharp significant decrease in G-CSF in
whole uterus, and of GM-CSF in uterine leukocytes. Finally our
data indicate that syngeneic and allogeneic pregnancies only differ
significantly in the quantities of IL-1ot present in whole uterus.

Cytokine and chemokine expression levels in placenta
from syngeneic or allogeneic pregnancies

Placental contents in cytokines and chemokines (whole organ
and enriched leukocytes) were measured from the same mice as in
Figure 8.

As shown in Figures 9A and 9B, the majority of placental
cytokine measurements were strictly comparable in syngeneic or
allogeneic pregnancies, with IL-9 quantities being much higher on
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the scale than any other cytokine measured. IL-10 is highly
expressed but in enriched placental leukocytes only (Figure 9B).

In whole placenta, CXCLI10 and CCL2 were significantly less
produced, by 75% and 67%, respectively, in an allogeneic
gestation compared to a syngeneic one. We did not see any other
significant difference for all other cytokines measured, including
IL-9. The two major cytokines produced by placental leukocytes,
IL-9 and IL-10, are not significantly altered in an allogeneic
gestation (Figure 9B). CXCLI10 is present at high levels (96£51
pg/mg) in placental leukocytes from a syngeneic pregnancy.
Although it is also drastically decreased (79%) in an allogeneic
pregnancy, the difference is not statistically significant, due to
important variations between individual samples from syngeneic
pregnancies (Figure 9B).

Experimental Procedures

Mice

C57BL/6 (B6) mice were purchased from Charles River
(France) and CBA/Ca mice from Harlan (Belgium). Female and
male mice (8—12 week old) were housed in specific pathogen-free
conditions.

All animal work has been conducted according to relevant
European and NIH institutional guidelines. The use of mice in the
manuscript was approved by the local Institutional Animal Care
and Use (IACUC) and ethics Committee, officially referred to as
“Animal Experimentation Ethical Committee, Buffon” (CEEA-
40). The approved protocol number is CEB-05-2012. The current
version of this protocol is valid until March 29 2015.
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Figure 9. Cytokine and chemokine expression levels in placentae from syngeneic or allogeneic pregnancies (day 16.5 pc). Analyses
were performed on the placentas from the same pregnant mice as in Figure 8. Proteins were measured from whole placenta (A), or from enriched
placental leukocytes (B) from syngeneic or allogeneic pregnancies (note the important scale variations). Grey bars: syngeneic pregnancy, black bars:
allogeneic pregnancy. Data are from 4 to 5 different samples. (*) p=<0.05, (**) p=<0.005, (***) p=0.001.

doi:10.1371/journal.pone.0107267.g009

Pregnancy

Naturally cycling virgin B6 females were caged with either B6 or
CBA/Ca males. Mating was assessed by the presence of a vaginal
plug. The day of detection of the vaginal plug was defined as 0.5
dpc. The day of delivery was defined as day 0.5 dpp.

Isolation of uterine and placental tissues or leukocytes

At 5.5; 10.5; 18.5; 16.5 dpc and 0.5; 2.5; 5.5 dpp, female mice
(and NP ones as controls) were exsanguinated by full cardiac
puncture after COy anesthesia, to minimize maternal blood
contamination, which we checked on uterus/placenta paraffine
sections stained by Hematoxylin/Eosin (Figure S3). In earlier
series of experiments, anesthetized individual mice were perfused
with 40 to 50 ml of Phosphate Buffered Saline (PBS), but we did
not see significant changes in the resulting cell populations
compared to exsanguination.

At 5.5 dpc and 0.5; 2.5; 5.5 dpp, whole uteri were excised and
processed as described below. At 10.5; 13.5; 16.5 dpc, uteri and
separate placentas were excised and further processed as described
below.

Preparation of placental tissue and leukocytes

We used pregnant mice on days 16.5 dpc when the placenta is
fully mature and fetal-maternal interactions and exchanges are
most active. The placentas were separated from extra-embryonic
tissues, umbilical cord and fetus, cut in small pieces and gently
crushed on nylon filter (Cell strainer Falcon; BD Biosciences, Ref.
352350) and then rinsed with ice-cold Phosphate Buffer Saline
(PBS) (Gibco; Ref. 14190-094). The cell suspension was centri-
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fuged at 280 g for 5 minutes. We then lysed red blood cells with
ammonium-chloride lysis buffer for 1 minute and washed the cells
with a high volume of Flow cytometry (FC) buffer composed of
PBS-Fetal Calf Serum (FCS) 4% (Gibco; Ref. 10270-106)- Sodium
azide (N3Na) (Sigma-aldrich; Ref $2002-500G) 0.1% (FC buffer).
After a 5 minutes centrifugation at 280 g, pelleted cells were
resuspended in 80% Percoll (GE Healthcare Bio-Sciences AB, Ref.
17-0891-01). A 40% Percoll solution was then added delicately
above the cell suspension and the gradient was centrifuged at
1510 g for 30 minutes (15°C) without break. Leukocyte-enriched
cells recovered from the interface between the two Percoll layers
were washed in a large volume of FC buffer, spun at 280 g
5 minutes and resuspended in FC buffer to be kept on ice and
counted.

Preparation of uterine tissue and leukocytes

Uteri from NP or post partum mice, and from 5.5 dpc pregnant
mice were excised and all surrounding tissue and fat were
removed. At 10.5; 13.5; 16.5 dpe, fetal-placental units were gently
detached from their implantation sites within the uterine wall.
Whole uteri were cut into small pieces and incubated in RPMI
1640 containing Collagenase A (0.875 mg/ml; Roche, Ref. 103
586), 16% FCS and DNase I (10 U/ml; Roche, Ref. 11-284-932-
001) for 1 hour at 37°C with intermittent stirring. The supernatant
was filtered on a cell strainer 70 mm (BD Falcon; Ref. 352350)
and tissues were pushed delicately through and rinsed with FC
buffer. Next, we incubated the filtered cell suspension in DNase I
(10 U/ml) and 10% FCS for 30 minutes, then centrifuged it at
280 g for 5 minutes. Subsequently, uterine leukocytes were
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prepared using the same protocol as placental leukocytes. For the
measurements of interleukin and chemokine contents, squares
around implantation sites were cut out of the uterine wall before
processing (see below).

Flow Cytometry analyses

In order to block non-specific antibody binding and staining,
cell aliquots (6.10* per sample) were pre-incubated for 30 minutes
with anti-CD16/CD32 monoclonal antibodies, or an immuno-
globulin excess from the same species as the antibody used for
staining. Cells were washed once with FC buffer and centrifuged at
280 g for 5 minutes. Cell pellets were resuspended and incubated
with various combinations of specific antibodies from a panel
compiled in Table 1. Predetermined optimal concentrations of
antibodies were added to the cell suspensions and incubated for 1
hour on ice. Biotin-coupled antibodies were revealed by fluoro-
chrome-coupled Streptavidin (Table 1). The cells were washed
with FC buffer, and resuspended in 250 ul of FC buffer.
Propidium Iodide (PI) or Sytox blue (Table 1) was added to each
sample to exclude dead cells. Samples were analysed on a CyAn
LX flow cytometer (Dako Cytomation) equipped with 405, 488
and 635 nm lasers, or on an LSRII analyzer (Becton Dickinson,
France) equipped with 405, 488, 561, and 640 nm lasers. Only
viable cell populations were analysed on the basis of forward and
side scatter criteria. In every experiment, strict staining specificity
controls were performed throughout the study, with species- and
isotype-matched immunoglobulins, coupled to the same fluoro-
chromes in a comparable fluorochrome/protein ratio, that were
used in equal amounts to the relevant antibodies.

Cytochemical analysis of NP uterus sorted cells

Viable CD45.2+, CD11b+, F4/80+ R1 (C) or R2 (D) cells were
sorted on a FACS Aria III (Becton Dickinson, France) equipped
with 405, 488, 561, and 640 nm lasers, and spun onto Super +
glass microscope slides using a Thermo Shandon Cytospin 4
cytofuge (4 min at 400 g). Cells were fixed in methanol before
staining with Wright-Giemsa. Pictures were taken on a Nikon
H600L microscope equipped with a DS-Fi2-Nikon camera.

Cytokine detection assay

Uterine implantation sites or whole placentas were crushed for
1 minute in ice-cold lysis buffer (Tris-HClL: 20 mM, pH 7.5,
MgCl12 5 mM, DTT 1 mM containing protease inhibitor cocktail
(Roche; compete, EDTA-free, Ref. 11-873-580-001)), with a
Polytron PT 1600E tissue grinder (KINIMATICA AG). The tissue
lysates were centrifuged at 14 000 g in a pre-cooled (4°C)
centrifuge for 15 minutes. Supernatants were immediately trans-
ferred to a new tube and stored at —80°C.

Leukocyte-enriched cells isolated from uterus or placenta were
washed twice in ice-cold PBS and pelleted at 280 g for 10 minutes.
Ice-cold lysis buffer was added on the cell pellet and sonicated for
1 minute (Branson). The cell lysates were centrifuged at 14 000 g
in a pre-cooled centrifuge for 15 minutes. Supernatants were
immediately transferred to a new tube and stored at —80°C.

Samples were tested simultaneously for the following 22
cytokines: IL-la, IL-1f3, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-
10, IL-12(p70), IL-13, IL-15, IL-17, CSF2 (GM-CSF), CSF3 (G-
CSF), IFN-y, CXCL10 (IP-10), CXCL1 (KC), CCL2 (MCP-1),
CCL3 (MIP-1o), CCL5 (RANTES), TNF-o.. This was achieved
using a 22-plex fluid-phase immunoassay using custom Kkits
(Millipore; MCYTO-70K-22), run on a LUMINEX 100 IS
system (Luminex Corporation, Austin, TX, USA), using xMAP
technology detection methods. These assays were performed at the
ANEXPLO core facility (IFR 31, Toulouse, France). The lower
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limit of detection of IL-1ot, IL-1P, IL-2, IL-4, IL-5, IL-6, IL-7, IL-
12 (p70), IL-13, IL-15, IL-17, GM-CSF (CSF2), G-CSF (CSF3),
IFN-y, CXCL10 IP-10), CXCLI (KC), CCL2 (MCP-1), CXCL5
(RANTES), TNF-o was 3.2 pg/ml; 14.7 pg/ml for IL-10; 17.15
pg/ml for CCL3 (MIP-1¢) and 80.35 pg/ml for IL-9. The upper
detection limit of IL-1lo, IL-1p was 5 614.38 pg/ml and 10 000
pg/ml for all other cytokines.

Statistical analyses

The cell percentage and the cell number per organ followed
Gaussian distribution. Thus, all statistical analyses were performed
using unpaired Student t tests.

Discussion

In the present work, we have quantified the different leukocyte
populations (innate and adaptive immune cells) in female B6 mice
by flow cytometry and analysed a panel of 22 cytokines/
chemokines in NP uterus and during syngeneic or allogeneic
pregnancy, by Luminex technology. We have used two very
sensitive and reproducible techniques. This systematic and
detailed analysis brought interesting novel information: 1) in the
NP uterus, HGC are mostly composed of eosinophils and they
undergo a sharp decline early during pregnancy, with a parallel
high local expansion of myeloid cells, NK cell and T cells,
granulocytes (neutrophils), B and NKT cells, 2) in striking contrast
compared to the uterus, the placenta during a syngeneic gestation,
harbours a majority of granulocytes (neutrophils), myeloid Gr-1+
cells including monocytes, and B cells, 3) a comparison of a
syngeneic versus an allogeneic gestation reveals no major
modifications in the leukocyte distributions in each organ, except
in placenta where we measured a significant decline in frequency
and numbers of monocytes and myeloid CD11c+ cells, 4) the up to
now unreported presence of high quantities of IL-9 in NP, and
pregnant uterus and placenta, in larger amounts than the
previously described IL-10, 5) the presence of high quantities of
CXCLI1, and CGCL3 and CXCLI10 in placental leukocytes, 6) a
huge increase in uterine IL-10 and a significant decrease in uterine
G-CSF and GM-CSF both in syngeneic and allogeneic pregnan-
cies, 7) a significant decrease in placental pro-inflammatory
chemokines CXCLI0 and CCL2 in allogeneic compared to
syngeneic crosses.

Our results have shown that the leukocyte preparations we
performed on day 16.5 p¢ were more than 95% positive for the
pan leukocyte marker CD45. Leukocytes of fetal origin were rarely
found in the preparations from uterus (<2%) and placenta (<5%).
This is not surprising as the first single positive mature CD4+ T
cells are generated in the fetal thymus around day 18 pc and start
emigrating around 3 days after birth. Likewise, B220+CD43- fetal
B cells appear in fetal liver around day 18 of gestation. The fetal
bone marrow starts producing all hematopoietic cell lineages,
including NK cells and monocytes, very shortly before birth [28].

It has been known for a long time that uterine leukocyte
populations vary with the phases of estrus cycle [34,36] but
published studies on leukocytes and cytokines/chemokines present
at the mouse fetal-maternal interface have not been extensive. In
the majority of important studies, authors focused on particular
decidual cell types, not on a panel encompassing different
leukocyte populations from placenta or uterine implantation sites
[2,29-33]. This is probably due to the technical difficulty,
compared to lymphoid organs, of preparing viable leukocytes
from placenta and uterus with satisfactorily high cell yields.
Consequently, the panel of mouse uterine and placental leukocyte
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populations and cytokines/chemokines, and their fate at the fetal-
maternal interface during pregnancy, needed to be better
characterized.

In the NP uterus, our results clearly indicated that eosinophilic
granulocytes are the main population of HGC in an enriched
leukocyte preparation from a pool of NP B6 uteri. We had to pool
uteri from 5 to 6 mice to get high enough leukocytes to allow flow
cytometry analyses and cell sorting. Eosinophils infiltration in the
NP uterus has been observed and confirmed decades ago in
different species [35-38] but their relative proportion in tissue
leukocytes had not been measured so far. It has been postulated
that those cells could play a role in preparing the uterus for
pregnancy, in blastocyst implantation or in protection against
infection [39]. The high amounts of IL-9, IL-10, GM-CSF and
CCL3 (MIP-lo) we have measured in this study in enriched
leukocytes 1s possibly the consequence of eosinophil secretion [39],
as they have a pro-inflammatory activity and are responsible for
tissue homeostasis [40]. Interestingly, G-CSF and GM-CSF are
present in NP uterus, and decrease significantly during pregnancy,
both in syngeneic and allogeneic crosses. This drop correlates with
the disappearance of eosinophilic granulocytes, which suggests that
G-CSF and GM-CSF could play an important role to recruit and
maintain this leukocyte population before or during implantation
[41]. Our results correlate with data from others showing that G-
CSF- and GM-CSF-deficient mice have impaired reproductive
capacities [6,42]. In contrast, higher concentrations of G-CSF-
and GM-CSF might be harmful for pregnancy because of their
pro-inflammatory properties. The lower dose of GM-CSF found
in pregnant uterus could help maintaining maternal tolerance and
avoiding fetal rejection.

Another finding was the very significant increase of uterine IL-
la during pregnancy, particularly in allogeneic crosses. IL-1ot and
IL-1B are among the most potent host proteins that activate
inflammatory responses to both danger-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs) [43]. This cytokine has been shown to contribute to fetal
death following LPS administration in pregnant mice [44].

These important differences in uterine leukocyte population and
cytokines/chemokines present during pregnancy compared to NP
uterus postulate that hormonal stimulation as well as remodelling
due to decidualisation and implantation, were probable causes
and/or consequences of these modifications. We have found that
myeloid CD11c+ cells, myeloid GR1+ cells including monocytes
and NK cells represent the 3 major cell types in a pregnant uterus.
They were most probably drawn at the sites of implantation to
mature and proliferate locally as shown by J. Pollard’s group for
macrophages [45] and A. Croy’s laboratory for major roles played
by uterine NK cells [29,46—49].

Another striking observation is the few significant differences
observed between syngeneic and allogeneic pregnancies. During
evolution, numerous mechanisms have been selected, in parallel to
the evolutions of the mammal immune system and environmental
pathogens, to maintain the maternal tolerance to the semi-
allogeneic fetus. The mechanisms of cellular and cytokine/
chemokine interactions, and their regulations, have evolved in a
context of allogeneic pregnancy. Our hypothesis is that these
mechanisms are conserved and operate even in an experimental
syngeneic pregnancy especially in a non-challenging SPF envi-
ronment.

Interestingly, the placenta contains a majority of granulocytes,
myeloid GR1+ cells including monocytes and B cells. These results
are in agreement with published results in the mouse where a
preferential increase of uterine monocytes over other cell types has
been observed in pregnancy [50,51]. Likewise, Blois et al. [52]
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have found an increase in CD11c" uterine cells (mostly myeloid
DC) isolated by tissue digestion during gestation. Our results are
also in agreement with the small frequency and numbers of NKT
cells found at the fetal-maternal interface by Ito et al. [51,53].
However, in the allogeneic situation, placental myeloid Gr-1+
cells, including monocytes/macrophages, and myeloid CD1lc+
cells were significantly reduced. This may diminish antigen-
presenting capacity to naive T cells in the placenta, preventing
paternal alloantigen stimulation of maternal T cells, thus
protecting the fetus against deleterious maternal immune respons-
es. During allogenic pregnancy, we also observed a decrease in
placental CCL2 and CXCLI10, two important chemokines
involved in the regulation of lymphocyte/monocytes recruitment
[54-56], and associated with allograft rejection [57]. The role of
CXCLI10 and CCL2 is emerging as regulators of the recruitment
of inflammatory cells into tissues during inflammatory responses
[58]. Their inhibition may be beneficial in different clinical
scenarios [57], including pathologies due to stress or infection
during pregnancy.

It is also interesting to notice that IL-9 and IL-10 are the most
abundant placental cytokines detected in our panel followed by
CXCL10, CXCLI1, CCL3, IL-la and CCL2 (Figure 5). As
expected, we found that IL-10, a Th2 cytokine known to be
present at the fetal-maternal interface, was not only present in high
quantity in NP uterus but was significantly increased in syngeneic
and allogeneic pregnancy, both in the uterus and the placenta.
This is in agreement with a previous report on syngeneic
pregnancy based on RT-PCR methods [59]. However, White
et al. [60] have shown that IL-10 is not essential for maternal
immune tolerance or a successful pregnancy. In order to uncover
the role of IL-10, Murphy et al. [61] showed that IL-10 plays an
important protective role during pregnancy following a stress
challenge such as the injection of low doses of LPS. In the absence
of IL-10, fetal resorptions were observed in association with
cytotoxic uNK cell activation and TNFa production. In contrast,
we found that IL-4 was undetectable at the fetal maternal
interface, which differs from RT-PCR data on placental tissue
published by Delassus et al. [59]. This discrepancy is likely to be
due to the different methods used (measurement of mRNA by R'T-
PCR versus detection of proteins by Luminex) and the kinetic of
measurement, as they performed analysis on days 12 and 18 pc, in
placenta versus peripheral blood only.

The presence of large amounts of IL-9 in uterus and placenta
was unexpected, as in other Th2 tissues such as lung or
gastrointestinal tract, IL-9-producing T cells appeared to have a
pro-inflammatory influence [62]. More recently, using IL-9-
fluorescent reported mice, it has been shown that Th9 and type
2 innate lymphoid cells (ILC2s) were major sources of worm
infection-induced IL-9 production [63]. Interestingly, Fallon et al.
[64] have shown that despite a lack of IL-4, IL-5, IL-9 and IL-13
gene activity and compromised Th2 responses, female mice
reproduce successfully even during an allogeneic pregnancy [65].
IL-9 is a pleiotropic cytokine with direct and indirect effects on
many cell types involved in immunity and inflammation
[62,66,67]. IL-9 seems to be required for allergic inflammation
in the lung as well as other tissues, but it also provides protective
Immunity to intestinal parasites [63]. It is important to note that
IL-9 also has been shown to protect mice from a Gram-negative
bacterial shock, and the protective effect was correlated with
decreases in the production of Thl cytokines (TNFa, IL-12 and
IFNY), as well as the induction of IL-10 [68,66]. It would be
interesting to investigate the role of IL-9 during pregnancy in
infection or inflammation conditions. IL-9 is a member of the yc
chain family of cytokines. Cellular sources are Th9 cells, Th2 cells,
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Th17 cells, Treg cells, mast cells, NK cells. The IL-9 receptor has
been characterized in mice and human and has a high affinity for
IL-9. The role(s) of IL-9 at the fetal-maternal interface remain to
be elucidated. One can only speculate from known IL-9 targets
that include mast cells, Treg cells, Th17 cells and antigen-
presenting cells [62]. IL-9 might promote Treg cell suppressive
functions, and TGFP production by APC, and thus prevent
maternal immune activation against the fetus. We hypothesize that
the presence of IL-9 in NP uterus and during pregnancy could also
provide protective immunity to infection and/or could down-
regulate inflammatory cytokines and up-regulate anti-inflamma-
tory cytokines in conditions of stress or infection, in order to avoid
abortion or fetal damage.

In conclusion, our data give the first quantitative and qualitative
detailed overview of the different leukocyte populations and
cytokines present in NP or pregnant uterus and placenta in B6
mice. Studying the local cytokine milieu, we discovered the
presence of surprisingly large amounts of IL-9, and thus revealed a
possibly important new player in the regulations at work during
pregnancy: down-regulating pro-inflammatory mediators, as well
as up-regulating anti-inflammatory cytokines such as IL-10. Th2
and Th9 cytokines could be particularly important in conditions of
stress or infectious challenge during pregnancy.

Supporting Information

Figure S1 Further characterization of R2-gated, live
Grl-,CD45-2+,CD11b+, CDllc+ cells from syngeneic
pregnancy (day 16.5 pc). The same experiment was performed
as in Figure 3 of the manuscript. R2-gated, live Grl-,CD45-2+
,CD11b+,CD1lc+ cells from placenta (upper line) or pregnant
uterus (lower line) were double-stained with fluorochrome-coupled
antibodies anti-CD11b along with F4/80, CCR2 or MHC class 11
markers (Table 1). The experiment was performed twice on pools
of 5 to 6 mice.

(TIFF)

Figure S2 Dolichos Biflorus Agglutinin (DBA) staining of
non-pregnant or pregnant uterine R1- and R2-gated
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