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CXCL 12 expresson by invasive trophoblasts induces the specific migration
of CD16~ human naturd killer cells

Jacob Hanna, Ori Wald, Debra Goldman-Wohl, Diana Prus, Gal Markel, Roi Gazit, Gil Katz, Ronit Haimov-Kochman,
Nobutaka Fujii, Simcha Yagel, Amnon Peled, and Ofer Mandelboim

In the maternal decidua, natural Killer
(NK) cells, characterized by lack of CD16,
are found in direct contact with the fetal
extravillous trophoblasts (EVTSs). It is yet
unknown which factors contribute to the
specific homing of this unique NK subset
to the decidua. In this study we analyze
the chemokine receptor repertoire on vari-
ous NK populations derived from the pe-
ripheral blood and decidua. We show that
CXCR4 and CXCR3 receptors are prefer-
entially expressed on CD16~ NK subsets

derived either from the peripheral blood
or the decidua and that these receptors
are involved in migration of all NK sub-
sets to their ligands. We further demon-
strate in vivo that invading EVTs that
eventually perform endovascular inva-
sion express CXCL12, the ligand for
CXCR4, but not ligands for CXCR3. In-
deed, specific accumulation of the CD16~
NK cells at the expense of CD16* cells
was observed only when in vitro migra-
tion was performed with ligands for

CXCRA4. Finally, incubation of the periph-
eral blood CD16~ NK cells with cytokines
presentin the decidua, especially interleu-
kin 15 (IL-15), resulted in the expression
of chemokine receptor repertoire similar
to that observed on decidual NK cells,
suggesting an additional important regu-
latory effect of local decidual cytokines.
(Blood. 2003;102:1569-1577)

© 2003 by The American Society of Hematology

Introduction

The phenomenon of maternal immune tolerance toward the semi-
allogeneic fetus is still not yet fully understood. The fact that
decidual lymphocytes (including natural killer [NK] cells) consti-
tute about 40% of the total tissue cells suggests that they might be
important in controlling proper decidualization.! Early in human
pregnancy the trophoblast cellsinvade the maternal decidual tissue
(including the entire uterine endometrium and the inner third of the
myometrium).? Eventually, trophoblast cells destroy the muscular
and elastic tissues surrounding maternal spiral arteries, thus
creating a high-capacity low-resistance blood flow to the fetus.3
Furthermore, invasive trophoblasts start expressing endothelial cell
markers and eventually replace the original endothelial cell lining
of the maternal blood vessels and place themselvesin direct contact
with the maternal blood flow.* The extravillous trophoblasts
(EVTs) interact with decidual lymphocytes via an unusual reper-
toire of class | major histocompatibility complex (MHC) proteins.
They do not express the HLA-A and HLA-B molecules,®> which
probably prevent efficient interactions with cytotoxic T lympho-
cytes (CTLs). The expression of HLA-C protein along with the
HLA-E and HLA-G proteins,>® however, probably inhibits NK cell
attack.” Decidual lymphocytes were also documented to have
unique functionsinlocal cytokine production,® promoting endovas-
cular invasion® and placental development.1°

More than 70% of decidual lymphocytesare NK cells character-
ized by CD56"19"CD16~ (FcRvylll) phenotype.23 This outstanding
enrichment of the decidua with this specific NK subset is further
emphasized when it is compared with the composition of NK cells
in the peripheral blood. Only 10% of the periphera blood
lymphocytes are NK cells, and the CD5619"CD16~ population
composes only 10% to 15% of the total peripherd NK population.
Compared with peripheral NK cells, decidud NK cels dso display
different functional behavior. Decidual NK cells have decreased
killing activity against class | MHC-negative target cells and are
also more susceptible to the inhibition mediated by the MHC class|
molecules (classical and nonclassical) expressed by EV Ts.1213

The reasons and the mechanisms controlling the accumulation
of the CD56"CD16~ NK cells in the decidua are still largely
unknown.™ It was recently reported that the chemokine CCL3 is
expressed by decidual trophoblasts and plays afundamental rolein
attracting various cell populations, including both peripheral
CD16" and CD16~ NK subsets.’> These observations, however,
cannot explain the specific preferential accumulation of the CD16~
NK cells in the decidua, and in addition, normal recruitment of
peripheral NK cells was observed to the decidua of mice in which
the receptor for CCL3, CCR5, was knocked out.16 We, therefore,
explored whether other chemokine receptors and their ligands are
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involved in the preferential accumulation of the CD16~ NK cellsin
the decidua.

Chemokines are a group of small (8-14 kd) structurally related
proteins that are subdivided into 4 subfamilies.” The various
chemokines interact with a subset of 7 transmembrane G protein—
coupled receptors termed chemokine receptors.1® Chemokines and
chemokine receptors have been implicated as pivotal players in
many physiologic and pathologic situations. Some of the notable
examples are their involvement in processes such as trafficking of
immune cellsto multiple target organs.’%-22 |n addition, chemokines
play an important role in central nervous system development, in
HIV pathogenesis,?* in controlling and targeting cancer cell
metastasis,?® and in homeostasis of the hematopoietic system.?627

By comparing various NK subsets derived either from periph-
eral blood lymphocytes (PBLS) or from the decidua, we observed
that the main chemokine receptors expressed by decidual NK cells
are CXCR3 and CXCR4. These 2 receptors are also widely
expressed on peripheral CD16~ NK cellsand at significantly lower
levels on peripheral CD16" NK cells. Ligands for both receptors
were demonstrated in decidual extracts both at mMRNA and protein
levels. We demonstrate that CXCR4/CXCL12, CXCR3/CXCLY,
and CXCR3/CXCL10 interactions are involved in the migration of
decidual and peripheral NK cells. Most importantly, analyzing
CD16 phenotype on total migrated peripheral NK cells to these
chemokines demonstrated a dramatic accumulation of CD16~ NK
cells at the expense of CD16" cells only when CXCR4 ligand
(CXCL12) was used. In vivo immunohistochemistry analysis
demonstrated specific CXCL12 expression on invasive tropho-
blasts, but not of CXCL9 or CXCL10. Invading trophoblasts
continue to express CXCL 12 even after replacing endothelial cell
lining of maternal decidua blood vessels. Finaly, incubation of
peripheral CD16~ NK cells with various decidua cytokines
resulted in acquisition of chemokine receptor repertoire resembling
that of the decidual CD16~ NK subset. Cross talk between
trophoblasts expressing CXCL 12 and CD16~ subpopulation of NK
cells expressing CXCR4 may play a fundamenta role in the
recruitment and motility of these NK cells to the decidua.

Materials and methods

Isolation of peripheral NK cells

Blood sampleswere taken from healthy donors and loaded on Ficoll density
gradient to purify the lymphocyte population. NK cells were purified using
the human NK cell isolation kit and the autoMACS instrument (Miltenyi
Biotec, Bergisch-Gladbach, Germany), according to the manufacturer’s
instructions. Identity of NK cells was confirmed as they stained positive for
CD56 and negative for CD3.

Isolation of decidual NK cells

The ingtitutional board of Hadassah Medical School approved obtaining
deciduae and placentas from elective pregnancy termination procedures,
according to the principles of the Declaration of Helsinki. Decidua
lymphocytes were isolated as previously described.82829 Briefly, the tissue
was trimmed into 1-mm pieces and enzymatically digested for 20 minutes,
using vigorous shaking, with 1.5 mg type | DNAse and 24 mg type IV
Colagenase present in 15 mL RPMI-1640 medium. This procedure was
repeated 3 times. After an additional 5-minute incubation at room tempera-
ture without shaking, the supernatants were collected and loaded on Ficoll
density gradient to purify the lymphocyte population. NK cells were
purified using the human NK cell isolation kit and the autoMACS
instrument (Miltenyi Biotec). NK cells were viable as confirmed by surface
expression of various inhibitory, adhesion, and lysis receptors and by
functional assays such as migration, proliferation, and cytokine secretion.

BLOOD, 1 SEPTEMBER 2003 - VOLUME 102, NUMBER 5

Semiquantitative PCR analysis

Total RNA was isolated from various NK populations and from decidual
and placental tissues, using the RNeasy Mini Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. cDNA was prepared accord-
ing to standard protocol. The existence of human chemokine receptors and
chemokines was verified by reverse transcriptase—polymerase chain reac-
tion (RT-PCR). The primers used for the detection of chemokine receptors
and chemokines are indicated in Table 1. Sequence of 3-actin primer used
was as follows: sense, 5'-CCCTGGACTTCGAGCAAGAG-3'; antisense,
5-TCTCCTTCTGCATCCTGTCG-3'.

Antibodies and quadruple staining

For quadruple staining, the following fluorochrome-conjugated monoclonal
antibodies were used: fluorescein isothiocyanate (FI TC)—conjugated antihu-
man CD56 monoclonal antibody (mAb; Southern Biotechnology Associ-
ates, Birmingham, AL) and CyChrome-conjugated antihuman CD3 mAb
(BD Pharmingen, San Diego, CA). Biotinylated anti-CD16 mAb (Serotec,
Oxford, United Kingdom) was used, followed by Streptavidin-Cy5 (Jack-
son Immunoresearch, West Grove, PA) as a second reagent. As the fourth
color, one of the following antibodies obtained from R&D Systems
(Minneapolis, MN) was used: phycoerythrin (PE)—conjugated antihuman
CXCR1 mAb, PE-conjugated antihuman CXCR2 mAb, PE-conjugated
antihuman CXCR3 mAb, PE-conjugated antihuman CXCR4 mAb, PE-
conjugated antihuman CCR1 mAb, PE-conjugated antihuman CCR2 mAb,
PE-conjugated antihuman CCR3 mAb, PE-conjugated antihuman CCR5
mADb, PE-conjugated antihuman CCR6 mAb, PE-conjugated antihuman
CCR7 mAb. When quadruple staining was performed with FITC-
conjugated antihuman CX3CR1 mAb (Medical & Biological Laboratories,
Nagoya, Japan), the PE-conjugated antihuman CD56 mAb (BD Pharmin-
gen) was used. To block nonspecific binding, cellswerefirst incubated for 1
hour on ice with 30% human serum (Sigma-Aldrich, St Louis, MO) and
then incubated with the various antibodies.

ELISA assays

Freshly isolated first-trimester decidual and placental tissues were obtained
from the same donor. The identity of the tissue specimens were confirmed
by a pathologist. Protein extraction was performed by homogenization of
preweighed (> 500 mg) sample 1:12 wt/vol in phosphate-buffered saline
(PBS), pH 7.4. The homogenate was centrifuged and CXCL 12-«, CXCL 10,
and CXCL9 concentration in the supernatant was determined by enzyme-
linked immunosorbent assay (ELISA) using the quantikine kit
(R&D Systems).

In vitro cell migration assay

Peripheral or decidual CD56" NK cells (2 X 10°) in 100 pL were loaded
into each Transwell filter (5-m porefilter Transwell, 24-well cellsclusters;
Corning, Corning, NY). Filterswere then plated in each well containing 600
L medium supplemented with previously described effective concentra-
tions®>32 of various chemokines (obtained from R&D Systems), as
indicated in Figures 4-5. At least 3 wells were used for each chemokine
concentration. To determine nonspecific or background migration, 6 wells
that did not contain any chemokine were used as controls. After 3 hours of
incubation at 37°C, 5% CO,, the upper chambers were removed, and cells
in the bottom chamber were collected, counted, and analyzed by flow
cytometry. Blocking for CXCR4 receptor was performed by pre-incubating
the cells with T140 molecule® for 30 minutes at 4°C. Percentage of
migrated cells was calculated by subtracting the value of spontaneously
migrating cells from the number of migrating cells at a given chemokine
concentration, and afterward the result was divided by the total number of
cellsthat wereinitially loaded on the transwell filter.

Immunohistochemistry

Placental tissue samples were routinely fixed with formalin and embedded
in paraffin. Antigen retrieval (microwave treatment in citrate buffer) and
immunohistochemistry were performed as previously described.3* Briefly,
sections were incubated with either antihuman CXCL12 mAb, rabbit
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Figure 1. CD16 characterization of decidual and peripheral NK cells. Freshly
isolated peripheral and decidual lymphocytes were quadruple-stained as described
in “Materials and methods.” NK cells were gated on the basis of the expression of
CD56 and the lack of CD3 expression. Staining of decidual NK cells (A) and
peripheral NK cells (B) is presented. The percentages of various populations, positive
or negative, for CD16 expression are indicated. One representative staining is shown
of 5 performed.

antihuman CXCL9 polyclona antibody, goat antihuman CXCL10 poly-
clona antibody (all obtained from R&D Systems), antihuman HLA-G
mAb,3 or rabbit anti—von Willebrand factor polyclonal antibody (DAKO)
overnight at 4°C followed by detection using the avidin-biotin Histostain
Plus kit according to the manufacturer’s instructions (Zymed Laboratories,
San Francisco, CA). Color development was with 3-amino-9-ethylcarbazole
(AEC), and sections were counterstained with hematoxylin. Immunohisto-
chemistry results were confirmed by a pathologist.

Cytokine stimulation

PBLs were isolated from healthy donors and were incubated at a density of
4 x 108 cells in 4 mL medium containing cytokines that are known to be
extensively expressed in human decidua.3>-3° Cytokines used were recombi-
nant human interleukin 8 (IL-8), IL-10, IL-12, IL-15, and transforming
growth factor B 1 (TGF@1) all obtained from R&D Systems and used at a
concentration of 100 ng/mL each. After 24, 36, or 48 hours of incubation at

Table 1. PCR primers for the detection of chemokine receptors and chemokines
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37°C 5% CO,, cells were collected and quadruple stained for chemokine
receptor expression as mentioned before.

Results

mMRNA for various chemokine receptors is expressed
in decidual NK cells

The NK cell population in the peripheral blood differs from that of
the decidua.* One of the most striking differences between the
2 populations is that the vast majority of the peripheral blood NK
cells express the CD16 receptor, whereas the decidual NK cells do
not (Figure 1).

The reasons why the CD16~ NK cells are found in the decidua
in such high numbers are still largely unknown. In this study we
investigated whether the accumulation of the CD16~ NK cellsin
the decidua might result from the expression of a different
chemokine receptor repertoire on CD16~ NK cells derived from
the peripheral blood. We initially screened decidual NK cells for
expression of mRNA for al known chemokine receptors. These
cellswere isolated from first-trimester elective pregnancy termina-
tions obtained from 20 different donors. RT-PCR analysis for the
expression of various chemokine receptors was performed by using
the primers listed in Table 1. The PCR results show that decidual
NK cells express mRNA for several chemokine receptors of both
CXC (o) and CC (B) subclasses and CX3CRL1 (Table 2).

Preferential expression of CXCR3 and CXCR4 on decidual
and peripheral CD16~ NK cells

Chemokine receptors are sensitive to a variety of posttransational
modifications and to endocytosis**4%; thus, the mRNA levels of the
different chemokine receptors might not give an accurate measure-
ment of the chemokine receptor expression on the NK cell surface.

Product
Probe length, bp Sense primer sequence Antisense primer sequence
Chemokine receptors
CXCR1 178 TATGCCCTAGTGTTCCTGCTGA ATCCAGCCATTCACCTTGGA
CXCR2 421 CTTTTCTACTAGATGCCGC CCCCAGATGCTGAGACATATGAAT
CXCR3 587 TCCTTGAGGTGAGT GACCACCAA GCGCTCGTCGTGGTGGGCCGACA
CXCR4 260 AGCTGT TGGCTGAAAAGGTGGTCTATG GCGCTTCTGGTGRCCCTTGGAGIGTG
CXCR5 316 ATGAACTACCCGCTAACGCT AGGGCAAGATGAAGACCAGCAGGA
CXCR6 173 CTGGTGGTGITTGTCTGTGG CCATTCATGGATGCCTGCATA
CCR1 296 TGGAAACTCCAAACACCA CCAGTCATCCTTCAACTT
CCR2 324 CTGTCCACATCTCGTTCTCGGTTTA CCCAAAGACCCACTCATTTGCAGC
CCR3 366 CTGCTACACAGGAATCATCAAAAC GTTCTTTCCAGCTTCTCACTAGGAAG
CCR4 382 TACTTGGTGGGCTTTTACAG TCATCTTCACCGCCTTGITC
CCR5 278 AATTGCAGTAGCTCTAACAGGT CCAGCCCACTTGAGTCCGTGTCA
CCR6 316 GAGCCCATCAGGTGGAAGCTGCTG GGCAGCAGT GCAGGAAAGCCAGGAC
CCR7 530 TCCTTCTCATCAGCAAGCTGTC GAGGCAGCCCAGGTCCTTGAA
CCR8 495 GTGGTGTCTGGCTTTTATTACATTGG ACATCCATCCAAGATGTGC
CCR9 103 ATGACACCCACAGACTT CAGTGAAGTTGAAGTTAACG
CCR10 104 ACGGAGBCCACAGAGCAGGTTT TGGACATCGGCCTTGTAGCA
CX3CR1 501 TAGTGTTTGCCCTCACCAACA ACAGCGTCTGGATGATTCTG
XCR1 528 ATGGAGTCCTCAGGCAACCC CACAGCCCGAAGAAAGCACCTT
Chemokines

CXCL9 MIG 283 AAGTGGTGTTCTTTTCCTCT TTTCTTTTGGCTGACCTGT T
CXCL10 IP-10 228 CCATGAATCAAACTGCGATT TCAGACATCCTCTTCTCACCC
CXCL11 I-TAC 230 ATGAGT GTGAAGGGCATGG GGATTTAGGCATCGTTGTCC
CXCL12-a SDF1-a 202 ATGAACGCCAAGGTCGTGGTCG TGITGTTGTTCTTCAGCCG
CXCL12-B SDF1-B8 220 ATGAACGCCAAGGTCGTGGTCG CGGGTCAATGCACACTTGTIC

Primers are indicated in 5’ to 3’ direction.
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Table 2. Chemokine receptor mRNA expression in decidual NK cells

Chemokine receptor Decidual CD567CD16~ NK

CXCR1 ++
CXCR2 ++
CXCR3 ++
CXCR4 ++
CXCR5 -
CXCR6 -
CCR1 ++
CCR2 +
CCR3 ++
CCR4 -
CCRS5 ++
CCR6 +
CCR7 ++
CCR8 ++
CCR9 -
CCR10 -
CX3CR1 ++
XCR1 -

Densitometrical analysis was performed to compare the intensities of the B-actin
band with that of the various chemokine receptors or chemokines. ++ indicates
higher band intensity compared with B-actin band; +, lower band intensity compared
with B-actin band; and —, no visible band.

We, therefore, performed an analysis of the cell surface expression
of the various chemokine receptors that were positively detected in
the RT-PCR analysis, using commercially available specific mAbs.
The expression of CCR8 was not tested because of the lack of a
commercial anti-CCR8-conjugated antibody. Lymphocytes were
isolated either from peripheral blood or from the deciduae, and
quadruple staining was performed for the expression of CD3,
CD16, CD56, and various chemokine receptors. Figure 2 shows
that the chemokine receptor repertoire differs among the 3 NK cell
populations tested (peripheral CD16*, peripheral CD16, and
decidual CD16~ NK cells). In general, all of the chemokine
receptors tested were found to be expressed to various degrees on
the CD16~ NK cells derived from peripheral blood. It is clear that
the CD16~ and CD16" NK cells derived from peripheral blood are
different populations with regard to the expression of chemokine
receptors (Figure 2A-B). Significant percentages of peripheral
CD16" NK cells express CX3CR1, whereas all the rest of the
chemokine receptors tested, except for CXCR1, were highly
expressed only in the peripheral CD16~ NK population.

A

Peripheral CD56+ CD16+

Paripheral CDS6+ CD16-

Percentages (%)

PEPFE885854

o?

MFI values

71l 50

g.
g et
o
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Mice models suggested that the origin of decidual NK cellsis
from the PBLs.1® We therefore searched for chemokine receptors
that are found to be expressed in high percentages in both decidual
and peripheral CD16~ NK cells and less in the peripheral CD16*
NK cells. Both the CXCR3 and CXCR4 receptors meet these
criteria. Although 52% and 72% of peripheral CD16~ NK cellsand
87% and 37% of decidual NK cells expressed the CXCR3 and
CXCR4 receptors, respectively, only 31% and 24% of CD16*
peripheral NK cells expressed the same receptors (Figure 2). The
median fluorescence intensity (MFI), however, of CXCR3 expres-
sion was similar between the CD16" and the CD16~ NK popula-
tion (Figure 2D, upper quadrants). In contrast, the MFI of CXCR4
on the CD16~ NK population derived from periphera blood was
amost 3 times higher as compared with the CD16" NK cells
(Figure 2E). These results indicate that not only did many of the
CD16~ NK cells express the CXCR4 receptor, but also that the
intensity of the CXCR4 receptor on these cells is much higher
compared with the CD16" NK population.

Ligands for CXCR3 and CXCR4 are expressed
in decidual tissue

The results mentioned earlier suggest that the CXCR3 and CXCR4
receptors might be involved in the recruitment of the CD16~ NK
population from the peripheral blood to the decidua. We, therefore,
tested whether the known chemokine ligands for these receptors
are present in decidual tissues. mMRNA was extracted from decidual
and placental tissues obtained from the same donors. mRNA
expression of HLA-G was consistently detected in both tissues
(data not shown), as HLA-G is expressed only on EVTs3* This
result, together with microscopic and histologic analysis, con-
firmed the identity of the examined tissues to be deciduae and
placentas. MRNA for CXCL10 and CXCL9 but not for CXCL11
(ligands for CXCR3) and mRNA for both isoforms of CXCL12
(ligand for CXCR4) were detected in the decidual and placental
tissues (Table 3). We next directly tested whether chemokines can
be observed in these tissues. ELISA assays were performed for the
detection of CXCL12 (Figure 3A), CXCL10 (Figure 3B), and
CXCL9 (Figure 3C) in both decidual and placental tissues.
Strikingly, al 3 chemokines were found to be expressed in the
deciduain higher levels (P < .01, Student t test) as compared with
the placenta (Figure 3A-C), suggesting that the NK cells expressing

Decidual CD56+ CD16-

Figure 2. Chemokine receptor distribution on the
surface of peripheral and decidual NK cells. Periph-
eral and decidual lymphocytes were isolated and qua-
druple stained as described in “Materials and methods.”
The figure shows the chemokine receptor expression on
peripheral CD16* NK cells (A), peripheral CD16~ NK
cells (B), and decidual CD16~ NK cells (C). The indicated
values represent the percentage of cells positive for a
certain chemokine receptor of total cell population. FACS
staining analysis of CXCR3 (D) and CXCR4 (E) on
peripheral CD16~ and CD16* NK cells. The indicated
MFI (median fluorescence intensity) values represent the
expression level of a certain chemokine receptor on the
NK cell population that stained positive for that specific
chemokine receptor. One representative experiment is
shown of 3 performed.

MFI values

158 | 49
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Table 3. Semiquantative PCR analysis for mRNA expression for CXCL9,
CXCL10, CXCL11, CXCL12-a, and CXCL12-B

Ligand Placenta tissue Decidua tissue

CXCR3

CXCL10 ++ ++

CXCL9 ++ ++

CXCL11 - -
CXCR4

CXCL12-a + +

CXCL12-B + ++

Densitometrical analysis was performed to compare the intensities of the B-actin
band with that of the various chemokines as described in “Materials and methods.”
Identical results were obtained with 3 other donors. ++ indicates higher band
intensity compared with B-actin band; —, no visible band; and +, lower band intensity
compared with B-actin band.

either the CXCR3 or CXCR4 receptors might be attracted primar-
ily to the decidua.

Preferential migration and enrichment of CD16~ NK
subset to CXCL12

Peripheral NK cells have been previously shown to migrate in vitro
to various CXCR4 and CXCR3 ligands.3242 We wanted to further
test the functional significance of the CXCR3 and CXCR4
expression on decidual NK cells and whether the expression
differences of CXCR3 and CXCR4 between peripheral CD16~ and
CD16" subsets were able to result in preferential migration and
enrichment of one of the subsets at the expense of the other. The
significant expression levels of CXCR3 receptor on peripheral and
decidual NK cells resulted in a dose-dependent migration to
CXCL9 and CXCL10 (Figure 4A-D). Similarly, both peripheral
and decidual NK cells consistently migrated to various concentra-
tions of CXCL12-a in a dose-responsive manner (Figure 4E-F,
respectively). The migration resulted from CX CR4 interaction with
CXCL12-a because blocking of the migration was observed with
the CXCR4 inhibitor T140 when either decidual NK (Figure 4F) or
peripheral blood NK cells (Figure 4E) were used.

The migrating bulk NK cells were next analyzed for the
expression of CD16. Migrated NK cells in the lower chambers of
the migration transwells were collected and stained as described in
“Materials and methods.” No significant preferential enrichment of
peripheral CD16~ NK cells of the total migrated NK cells was
observed when migration was performed with either CXCL9 or
CXCL10 (Figure 5A-B and D-F). In contrast, dose-dependent
preferential enrichment of peripheral CD16~ NK cellsto CXCL12-a
was evident (Figure 5C and G). This preferential enrichment is a
result of the fact that CD16" NK cells migrated in a much lower
level than CD16~ NK cellsto CXCL12, and thustheir relativeratio
of total migrated NK cells was significantly reduced (Figure 5D
and G). Similar results were obtained in 3 other independent
experiments, and the enrichment ratio of the CD16~ NK cells to
100 ng/mL CXCL12 was an average 3.28 with a P value of less
than .02 (Student t test) (data not shown). When no chemokine was
present in the assay, the relative ratios of both NK subsets of total

Figure 3. Expression of ligands for CXCR3 and CXCR4 *
in decidual and placental tissues. Placental and decidual g |
tissues were obtained from the same donor. ELISA #
assays for the presence of CXCL12-a (A), CXCL10 (B), §
and CXCL9 (C) in decidual and placental tissue samples g
obtained from the same donor. Average values of § ok
3 samples are shown. *Indicates P < .01 by Student

t test. Error bars indicate SD.
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NK population remained unchanged (Figure 5D and data not
shown). No changein CD16 expression was observed when control
incubations of peripheral blood NK cells with CXCL9, CXCL 10,
or CXCL 12 were performed (data not shown).

The fact that CD16~ NK enrichment was observed only in
response to CXCR4 ligand is not surprising, because the differ-
ences observed in the intensity and number of cells expressing
CXCRS between the 2 peripheral NK subsets were much less
prominent than those observed for CXCR4 (Figure 2D-E) and were
probably not functionally significant in causing CD16~ NK
enrichment among total migrated NK cells.

CXCL12 is expressed in vivo on invasive trophoblasts and
trophoblasts lining maternal decidual blood vessels

The result described earlier suggestsamajor rolefor CXCL 12, that
is present primarily in the decidua (Figure 3), in the specific
enrichment of CD16~ NK cells. Immunohistochemistry analysis of
first-trimester decidual tissue sections was performed to identify
the cells in the decidua that express CXCL12 (Figure 6). The
identity of trophoblast cell columns (Figure 6A-B), trophoblast
islands (Figure 6C-D), and invasive EVTs (Figure 6E-F) was
confirmed by immunohistochemistry of these serial sections with
anti-HLA-G antibody (Figure 6A,C,E). The presence of CXCL12
was detected in trophoblast cell columns especialy in the distal end
of the column (Figure 6B) and not in villous cytotrophoblasts or
syncytiotrophoblasts. The trophoblast cell idands (Figure 6D) and the
EVTs that have invaded the decidua also expressed CXCL12
(Figure 6F). The anti-CXCL 12 antibody staining was consistently
stronger than that observed with the anti-HL A-G antibody. |mmu-
nostaining with isotype-matched control immunoglobulin G (1gG)
mADb yielded negative results (data not shown).

Importantly, trophoblasts invading maternal blood vessels that
are in direct contact with maternal blood express CXCL12,
whereas the origina endothelial lining does not (Figure 7C-D).
Endothelial cells were identified by staining with anti—von Wille-
brand factor polyclonal antibody (arrowsin Figure 7A-B), whereas
invading trophoblasts yielded negative staining with the same
antibody (stars in Figure 7B). Immunostaining performed with
anti-CXCL9 and anti-CX CL 10 antibodies yielded negative expres-
sion on trophoblast cells at all stages of their development for both
ligands (data not shown). These results are in agreement with
previous work using in situ hybridization experiments demonstrat-
ing that decidual stroma, but not trophoblast cells, express CXCL9
and CXCL10.©® The decidual stromais probably the source for the
presence of these chemokinesin decidual extracts (Figure 3).

Cytokine treatment of peripheral CD16~ NK cells alters the cell
surface chemokine receptor repertoire

Decidual CD16~ NK cells expressed a different chemokine
receptor repertoire when compared with peripheral CD16~ NK
cells (Figure 2B-C). Only a few chemokine receptors were
expressed on freshly isolated decidual NK cells when compared
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Figure 4. Migration of peripheral and decidual NK cells to recombinant human
CXCL9, CXCL10, and CXCL12-a. Migration assays were performed as described in
“Materials and methods.” The amount and identity of the migrated NK cells was
analyzed by flow cytometry. Dose-dependent preferential migration of peripheral (left
column) and decidual (right column) NK cells to CXCL9 (A-B), CXCL10 (C-D), and
CXCL12-« with or without T140 blocking of CXCR4 (E-F). The percentages of
migrated cells are calculated from the total cell population after the subtraction of the
spontaneous migration. R-squared value for all linear trend lines displayed was
above 0.95; *indicates P < .001 by Student t test. One representative experiment is
shown of 4 performed. Error bars indicate SD.

with the peripheral CD16~ subset (Figure 2B-C), indicating that
the 2 cell populations are different. Decidua NK cells are
constantly in direct contact with the semi-allogeneic invasive fetal
trophoblasts, and different reports indicated that decidual NK cells
are functionally different from those of the periphera blood
because of unique microenvironment conditions.™228 Cytokines
have been extensively studied and proven as major regulatory
molecules in human decidua controlling adhesion molecules,
vascularization, and NK cell activation.®® We, therefore, hypoth-
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Figure 6. CXCL12is expressed on invasive fetal trophoblasts. Immunohistochem-
istry on paraformaldehyde-fixed decidual tissue (9 weeks). Immunohistochemistry
was performed on first-trimester serial sections derived from placental and decidual
tissues. The figure shows HLA-G (left column) and CXCL12 (right column) staining on
intermediate trophoblasts (A-B), trophoblast cell islands (C-D), and invasive EVTs
(E-F) derived from first-trimester deciduae. One representative staining experiment is
shown of 9 performed. Arrows indicate fetal trophoblasts; **, villous cytotrophoblasts
and syncytiotrophoblasts; DEC, decidua; VIL, villous; and TCI, trophoblast cell island.
Magnification is X 200 for all panels.

esized that the unique decidua NK cells chemokine receptor
expression pattern might result from local cytokine stimulation.
IL-8, IL-10, IL-12, IL-15, and TGFB1 were reported to be the
major regulatory cytokines found in human decidua3>3% The
expression of the various chemokine receptors on the peripheral
CD16~ NK cells was, therefore, tested following activation with
these cytokines.

PBLs obtained from healthy donors were incubated with
various cytokines for 48 hours as described in “Materials and
methods’ and quadruple stained for the expression of chemokine
receptors. In general, CXCR1, CXCR2, CCR1, CCR2, CCR3, and
CCR5 were significantly down-regulated by all cytokines used
(Figure 8A-E) except for TGFB1 (Figure 8F), whereas CCR6 and
CCR7 were mainly down-regulated by I1L-15 and to a lesser extent

E"E ———— Figure 5. Enrichment of the CD16~ subset in the
] OEsiEmans migrated peripheral NK cells to CXCL12-c. The pres-
= §7% ence of the various NK populations in the migrated NK

w . .

é L2 cells presented in Figure 4 was analyzed by quadruple

staining. The percentage of increase or decrease of the
CD16~ or CD16" subsets was calculated with regard to
3 " taaniraa it the starting point when no chemokine was present (100%).
Eoanrgsds Migration was performed to CXCL9 (A), CXCL10 (B),

and CXCL12-a (C). (D-G) Contour histogram of the

= 13%

@

2 BEE—— CD16 phenotype of the migrated NK cells to CXCL9 (E),

CXCL10 (F), and CXCL12-a (G). Control (D) represents
the spontaneous migration when no chemokine was
added. The percentages of CD16~ and CD16" subsets
in the NK cells that spontaneously migrated when no
chemokine was present were similar to those observed in
the peripheral blood. Figure shows 1 representative
experiment of 3 performed.
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Figure 7. Invasive trophoblasts lining maternal decidual blood vessels express
CXCL12. Immunohistochemistry on paraformaldehyde-fixed serial decidua tissue
sections (12 weeks; 6 p). Staining with anti~von Willebrand factor polyclonal antibody
(A-B) and CXCL12 (C-D) of decidual blood vessels undergoing endovascular
invasion by trophoblasts. Arrows indicate endothelial cells; **, invasive trophoblasts.
The magnification for each panel is indicated in the lower right corner.

by I1L-12 (Figure 8A and D-E). CX3CR1 expression was altered by
all cytokines checked except for IL-10 and TGFB1. Importantly,
CXCR4 was subjected to up-regulation following TGFB1 stimula-
tion and to down-regulation mainly following IL-15 stimulation
(by approximately 65%) (Figure 8A-E). Regarding CXCR3, treat-
ment with IL-12 caused a small but consistent reduction in its
expression levels, whereas TGFB1 induced an opposite effect. A
more prominent reduction in the CXCR3 expression was observed
when CD16" NK cells were incubated with IL-12 (data not
shown). These results are in agreement with previous work
demonstrating IL-12 mediated down-regulation of CXCR3 expres-
sion on total NK cells derived from peripheral blood.** Remark-
ably, when peripheral CD16~ NK cells were treated either with
IL-15 or with acombination of all cytokines tested, the chemokine
receptor expression levels obtained were very similar to those
found on decidual CD16~ NK cells (Figures 8F-G and 2C). Similar

CXCL12 IN CD16~ NK CELLS HOMING TO HUMAN DECIDUA 1575

results were obtained following 24 and 36 hours of cytokine
incubation (data not shown).

Discussion

The unique composition of the decidual lymphocyte population
probably holdsthe key to proper fetomaternal immunetolerance. In
addition, the fact that CD56™9"MCD 16~ NK cells constitute the vast
majority of the decidual lymphocyte population (Figure 1) has
brought up many question regarding how and why the decidual
tissue is vigorously enriched with this NK subpopulation. Because
it was recently shown, in mice models, that decidual NK cells are
recruited from periphera sites rather than self-renewal in the
uterine mucosa,*® we tested whether the CD16~ NK population in
PBL s expresses a unique combination of chemokine receptors that
enabl es the specific migration of this subset to the decidua.

NK cellsthat are part of the innate immunity system are able to
quickly kill virus-infected and tumor cells.#648 This finding sug-
gests that at least some of the NK cells present in the peripheral
blood should be equipped with a complete repertoire of chemokine
receptors that will enable their rapid migration to various organs.
Such cells might be the un-activated peripheral CD16~ NK cells
that express al of the chemokine receptor tested (Figure 2). In
agreement with our results, a recent report* has demonstrated
different expression patterns of some chemokine receptors on
peripheral CD16" and CD16~ NK cells. In contrast, only a few
chemokine receptors are expressed on decidual NK cells (Figure
2). Furthermore, the expression of all of the chemokine receptors
tested, except from CXCR3 whose ligands CXCL9 and CXCL10
are found in the decidua, were down-regulated following multiple
cytokine activation (Figure 8). These results raised the intriguing
hypothesisthat suggeststhat once NK cellsreach their target organ,
the decidua, there is no need for further trafficking. NK cells,
therefore, down-regulate the expression of all chemokine receptors
except from those needed for their retention.

The expression, regulation, and function (including vasculariza-
tion, adhesion molecule expression, and lymphocyte activation) of
various local cytokines in the decidua have been characterized
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during the human menstrual cycle and pregnancy.®>3° The results
presented here demonstrate an additional role for IL-15, as amajor
modulator of the chemokine receptor repertoire at the maternal-
fetal interface. In addition, IL-15 has been previously shown to
induce the extensive proliferation of peripheral and decidual
CD561MCD16~ NK cells38%0 Therefore, the specific decidual
enrichment with CD16-CXCR4* NK cellsderived from peripheral
blood might further be potentiated by IL-15.

Throughout the comparative analysis performed in this study,
consistently, there was no correlation between mRNA expression
and levels of chemokine receptors detected by fluorescence-
activated cell sorter (FACS) analysis on the surface of the various
NK' populations (activated and nonactivated). In addition, the
MRNA expression of the various chemokine receptorsis dependent
on NK cells' growth conditions and treatment and does not always
reflect proper surface expression.>.-52 Therefore, to obtain areliable
monitoring of chemokine receptor on NK cells, expression should
always be detected directly by using specific mAbs.

Both the CXCR3 and CXCR4 were the 2 dominant receptors
expressed by unactivated decidual and peripheral blood CD16~
NK cells(Figure 2). Thefact that CXCR3 ligands are not expressed
on EVTs, the relatively minor differences in CXCR3 expression
levels between both peripheral NK subsets (Figure 2D), and the
inability of CXCR3 ligands to induce preferential enrichment of
CD16~ NK cells (Figure 5) suggest that CXCR3 is probably less
involved in recruiting peripheral CD16~ NK cells to the decidua.
Moreover, the fact that CXCR3 ligands are expressed by stromal
cells rather than invasive trophoblasts® and the ability of decidual
NK cells to migrate in response to these chemokines might
implicate CXCR3 in retention of the CD16~ NK cells after they
have migrated into the decidua. Supporting this hypothesis, a
similar role for CXCL10 expressed on dendritic cels has been
proposed in the retention of Ty, cellsin secondary lymphoid organs.>

The main chemokine receptor shown here to be involved in the
preferential enrichment of CD16~ NK cellsis CXCR4 (Figure 5).
The level of CXCR4 expression on decidual NK cellsislower than
that of CD16~ NK cells derived from the peripheral blood (Figure
2). Thislower expression might result from local cytokine stimula-
tion of NK cells in the decidua (Figure 8), and/or from the
interactions between the CXCR4 on the NK cells and its ligand
CXCL12 on the EVTs (Figures 6-7). Indeed, down-regulation of
CXCR4 was previously observed after its interaction with
CXCL12,%2 and reduced levels of CXCR4 expression were ob-
served in the migrated NK cells population tested after their
migration to CXCL 12 (data not shown). We show here that EVTs
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express CXCL 12, but not CXCL9 or CXCL 10 (Figure 6 and data
not shown). These cells eventually perform endovascular invasion,
acquire endothelial cell-ike phenotype, and position themselvesin
direct contact with maternal blood flow3# and, thus, can attract the
CD16~ NK cells to the decidua because they maintain CXCL12
expression (Figure 7).

It was recently shown that CCL3 is aso able to attract
peripheral NK cells.®> On the basis of our chemokine receptor
expression analysis (Figure 2), 17% of the peripheral CD16~ NK
cells and 3% of CD16" NK cells express CCR5 (the receptor for
CCL3). This difference in CCR5 expression cannot, however,
explain the specific accumulation of CD16~ NK cells in the
deciduae, asthere was no differencein the migration of CD16~ NK
cellsover CD16* NK cellsto CCL 3.15 Furthermore, mice deficient
for CCR5 displayed normal recruitment of peripheral NK cells to
the decidua.’® The CCR5 receptor probably plays a pivotal role in
intradecidual organization and retention of various cell typesin the
decidua but is less important in the preferential migration of
CD16~ NK cells.

The model we propose is that CD16~ NK cells are attracted
during pregnancy from the peripheral blood to the decidua via the
interactions between CXCR4 on their surface and CXCL12 on the
invasive trophoblast cells lining maternal blood vessels in the
decidua. The interaction between CXCR3 and CXCL 10 or CXCL9
found in decidual stromamight lead to the retention of the NK cells
that have already migrated into the decidua, and together with
CXCL12 these chemokines may also be important for proper
positioning and organization of decidual NK cells. In the decidua,
because of the local microenvironment conditions, the CD16~ NK
cells probably acquire some unique characteristics noted in this
article by the reduction of chemokine receptor expression. These
specia properties of the decidual NK cells, together with other
reported properties such astheincreased expression of CEACAM 128
and other inhibitory NK receptors'13 on these cells, probably
enable proper fetal development.
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