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ABSTRACT

Decidual natural killer cells accumulate at the fetal-maternal interface and play a key role in a successful pregnancy.
However, their origin is still unknown. Do they derive from peripheral natural killer cells recruited in decidua or
do they represent a distinct population that originates iu situ¢ Here, we identified natural killer precursors in decid-
ua and uterus of pregnant mice. These precursors underwent rapid in situ differentiation and large proportions of
proliferating immature natural killer cells were present in decidua and uterus as early as gestation day 4.5. Here,
we investigated the origin of decidua- and uterus-natural killer cells by performing transfer experiments of periph-
eral mature natural killer cells or precursors from EGFP* mice. Results showed that mature natural killer cells did
not migrate into decidua and uterus, while precursors were recruited in these organs and differentiated towards
natural killer cells. Moreover, decidua- and uterus-natural killer cells displayed unique phenotypic and functional
features. They expressed high levels of the activating Ly49D receptor in spite of their immature phenotype. In
addition, decidua- and uterus-natural killer cells were poorly cytolytic and produced low amounts of IFN-y, while
they released factors (GM-CSE VEGE IP-10) involved in neo-angiogenesis and tissue remodeling. Our data reveal
in situ generation of decidual natural killer cells and provide an important correlation between mouse and human
decidual natural killer cells, allowing further studies to be carried out on their role in pregnancy-related diseases.

Introduction

Natural killer (NK) cells are Iymphoid cells of the innate
immune system involved in the elimination of virally infected
or tumor cells. NK cells secrete pro-inflammatory cytokines
that modulate downstream adaptive immune responses. In
turn, NK cell function can be greatly influenced by the
microenvironment, i.e. cytokines, chemokines and cell-to-cell
interactions."*NK cells with peculiar features have been iden-
tified in different tissues, including liver, mucosal tissues, lym-
phoid organs and decidua.”® During normal pregnancy, a high
number of immune cells, such as NK cells, regulatory T cells
and macrophages, accumulate in decidua during the early
phase of gestation and are required for a successful pregnan-
cy.” Decidual NK (dNK) cells represent as much as 50-70% of
lymphoid cells in the human decidua during the first
trimester, while their numbers progressively decrease during
the second and third trimester of pregnancy.'®"' Moreover,
dNK cells display unique phenotypic and functional proper-
ties: a CD56"#", CD16"%, killer immunoglobulin-like receptor
positive (KIR") phenotype and low cytolytic capacity.™"
Previous studies in humans revealed the presence of CD34
hematopoietic precursors in decidual and endometrial tissues
able to give rise to NK cells in vitro."*'° Recent findings, both in
humans and mice, have shown that uterine NK cells are

involved in endometrial remodeling, spiral artery modifica-
tions and placentation.”? Although a large body of informa-
tion on uterine NK cell function comes from data in mice, our
knowledge regarding the presence and the phenotype of
murine NK cells in decidua and uterus during early pregnancy
(first week) is still incomplete. Another important question
concerns their origin: they can be generated in situ from pre-
cursors or recruited from the periphery into decidua and
uterus, where the microenvironment can modulate their phe-
notypic and functional characteristics.

NK cells originate from hematopoietic stem cells (HSC) in
the bone marrow (BM). Their differentiation process leads to
a sequential loss of pluripotency paralleled by a progressive
commitment to the NK cell lineage. Several NK-committed
developmental intermediates have been identified.”*”
Experimental evidence suggests that a fraction of NK cell pre-
cursors (NKP) traffic from the BM to other tissues where they
undergo terminal differentiation.?®”” NKP have been identified
in thymus, lymph nodes, tonsils and decidua.'®**® In mouse,
the earliest committed NKP is characterized by the expres-
sion of the IL-2 receptor B-chain (CD122) and the lack of lin-
eage markers, including CD3, CD19, Ter119, Gr-1 (=Lineage
negative, Lin-).*** The acquisition of CD122 on Lin- HSC cor-
responds with their commitment to the NK cell lineage.”
NKP progressively acquire the phenotypic and functional
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properties of mature NK cells. Various markers allow the
identification of different stages of NK cell maturation.
The first to appear are NKG2D and NK1.1, followed by
NKp46, CD94/NKG2A/C/E, CD27, DX5, Ly49 receptors
and CD11b.*** Recent studies have suggested that CD27
and CD11b identify 4 consecutive maturation stages,
namely: CD27°*CD11b"" (stage I), CD27**CD11bl*"
(stage 1I), CD27""CD11b"" (stage III) and
CD27°"CD11b"*" (stage IV).” The first 2 stages are found
mostly in the BM, lymph nodes and liver, and display a
high rate of homeostatic proliferation. Stages IIl and IV are
prevalent in peripheral sites, such as spleen, lung and
peripheral blood. CD27"CD11b"" NK cells (stage III)
express intermediate levels of the Ly49 receptors while
CD27°*CD11b"¢" (stage IV) express high levels and corre-
spond to terminally differentiated NK cells.” A marker of
mouse uterine NK cells is Dolichus biflores agglutinin
(DBA).* DBA expression increases during mid-gestation
(second week) and is confined to a limited fraction of uter-
ine NK cells (CD3CD122*NK1.1").¥ Previous studies in
mice used DBA to identify uterine NK cells, thus ignoring
the sizable fraction of CD3CD122°NK1.1* cells during
early and mid-gestation.”” A recent report suggested that
mouse ulNK cells are heterogeneous and considering only
DBA* uNK cells could bias information on the ulNK cell
population.” Since studies in humans clearly indicated
that NK cells represent the most frequent lymphoid cell
population during early pregnancy (first trimester), playing
a fundamental role in the establishment and maintenance
of pregnancy, it would be important to gain more informa-
tion in mice.*!#**

In the present study, for the first time, murine NK cells
were analyzed separately in decidua and uterus. We found
that high proportions of immature NK cells are present
both in decidua and uterus during the first week of preg-
nancy. In addition, we identified NK-committed
hematopoietic precursors (LinCD122) in decidua and
uterus of pregnant mice. Transfer experiments of periph-
eral EGFP*-NK cells indicated that these cells are not
recruited mainly into decidua and uterus, thus do not con-
tribute to the accumulation of dNK and uNK cells during
early pregnancy. In contrast, EGFP*-NKP transferred into
pregnant mice rapidly migrated into decidua and uterus
where they underwent proliferation and differentiation
towards mature NK cells. Immature dNK and uNK display
phenotypic and functional features similar to those previ-
ously described in humans. These data provide important
information regarding the biology of NK cells in pregnan-
cy, and identify novel tissues (decidua and uterus) able to
sustain peripheral NK cell differentiation i vivo.

Methods

C57BL/6 and RAG-2"" mice were purchased from Charles River.
Transplant donors were EGFP+ transgenic mice ((C57BL/6-
Tg(ACTB-EGFP)1 Osb/] mice 5 (GFP-Tg)). Cells derived from
spleen, decidua, uterus and BM were incubated with different
mAbs and run on a flow cytometer. EGFP* NK cells and NKP were
injected intravenously into unirradiated wild-type syngeneic mice
at gestational day (gd) 0,5. The presence and the phenotype of the
transferred EGFP* cells were analyzed in the different tissues at gd
3,5-5,5-7,5 by flow cytometry. Mice were given one i.p. injection
of 1 mg of 5-bromo-2'-deoxyuridine (BrdU). After 18 h, mice were
sacrificed and organs were analyzed. Frozen sections of pregnant
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uteri were stained with anti-NKp46 (R & D Systems, Minneapolis,
MN, USA) and anti-Ki-67 (Abcam, Cambridge, UK) followed by
Alexa 594 chicken anti-goat and Alexa 488 goat anti-rabbit (Life
Technologies, CA, USA). The nuclei were counterstained with
DAPL Cells derived from decidua, uterus and spleen of pregnant
mice at gd 5.5 were stimulated during 4 h-culture with the differ-
ent antibodies, or with YAC-1 mouse lymphoma cells
(effector/target ratio 1:1), or with a combination of phorbol myris-
tate acetate (PMA) and ionomycin (IONO). Cells were analyzed
by flow cytometry and supernatants were tested by ELISA (VEGE-
A Platinum ELISA, eBioscience) or by MagPix (Luminex, The
Netherlands).

Statistical analysis

The unpaired two-tailed Student’s t-test and one-way ANOVA
analysis of variance followed by post-test for linear trend were
used.

Results

Natural killer cells are abundant both in decidua and
uterus during early pregnancy

Pregnant mice were sacrificed at different gd and the
uteri containing implants (embryo+decidua) were collect-
ed. At gd 5,5, the entire implants were separated from
uterus and processed. Starting from gd 9,5 it was possible
to separate decidual tissues from the embryo (Online
Supplementary Figure S1).

During development of murine NK cells, NK1.1 is
acquired at an early stage.”®*°In order to identify NK cells
during the early phase of pregnancy (first week in mice),
we analyzed the NKI1.1 expression in cells gated as
CD3CD122* derived from the implant (referred to as
decidua) or uterus, at different gd. Spleen was used as con-
trol. Decidua was first analyzed at gd 4,5 when NK1.1+
cells were 28+2% of the total lymphoid cells (Figure 1). At
gd 5,5, dNK cells decreased (21+2%) and they were
extremely rare at gd 14.5 (2£1%). In uterus of virgin mice,
NK cells were 20+2% of the total lymphoid cells. In preg-
nant mice, at gd 3,5 the proportions of uNK cells increased
to 34+3%, remained high until gd 5,5 (32+2%) and after
gd 7,5 (23+£3%) progressively decreased to reach 12+2% at
gd 14,5. The percentages of spleen NK (sNK) cells from
pregnant and virgin mice displayed no significant differ-
ences (Figure 1). We also analyzed the proportions of T
(CD3'NK1.17) and NKT (CD3*NK1.1%) cells from the same
mice. No significant variations were detected during preg-
nancy in any tissues (Online Supplementary Figure S2).
Taken together, these data provide clear evidence that NK
cells are present in high proportions in murine decidua and
uterus at the early phase of gestation and that subsequent-
ly they progressively decrease.

dNK and uNK do not derive from peripheral natural
killer cells but from hematopoietic precursors
recruited in situ

The origin of dNK and uNK cells is still poorly defined:
they could be recruited from the periphery or arise from
progenitors that develop in situ. In order to assess the pos-
sible recruitment of peripheral NK cells into decidua and
uterus, we isolated NK cells from spleens of EGFP* virgin
mice. These cells were injected into syngeneic WT mice at
gd 0,5 of pregnancy. The recruitment of EGFP*-NK cells in

haematologica | 2014; 99(3) “-




- L. Chiossone et al.

different tissues was analyzed at different gd. Both in preg-
nant and virgin mice, EGFP*-NK cells were mainly local-
ized in the spleen and lymph nodes rather than in decidua
and uterus (Figure 2A). Thus, no substantial homing of
peripheral NK cells to uterus was detectable in pregnant
mice. However, the presence of transferred EGFP*-NK cells
in uterus-draining lymph nodes suggested that peripheral
NK cells may traffic, but do not stay, in uterine tissues.
Results also show that the homing capacity of NK cells to
spleen and lymph nodes does not differ between pregnant
and virgin mice. Similar results were obtained when recip-
ient mice were depleted with anti-NK1.1 mAb (data not
shown), suggesting that the presence of resident NK cells in
decidua and uterus does not affect the recruitment of
peripheral NK cells. These data indicate that dNK and uNK
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cells that accumulate in decidua and uterus during early
pregnancy do not derive from peripheral NK cells.

Another possible explanation for the origin of dNK and
uNK cells is that they undergo in situ differentiation from
precursors. Thus, we transferred Lin-CD122* NKP isolated
from the BM of EGFP* mice into syngeneic WT mice at gd
0.5. The EGFP* cells recovered in all organs were
CD3'NK1.1* (at gd 7.5) (Figure 2B). No EGFP* cells were
detected in the uterus of virgin mice, used as control (data
not shown). In addition, we analyzed the presence of Lin-
CD122* NKP in decidua and uterus. High amounts of NKP
were present in decidua and uterus of pregnant mice, thus
suggesting that dNK and uNK cells derived from
hematopoietic progenitors recruited when pregnancy was
established (Online Supplementary Figure S3).

SPL

Figure 1. Identification and kinet-
ics of murine NK cells in decidua
and uterus during early pregnan-
cy. Percentages of NK cells identi-
fied as CD3CD122'NK1.1" cells
in decidua, uterus and spleen
from virgin (v.) and pregnant mice
at the indicated gd. A one-way
analysis of variance test with
post-test of linear trend was used.
Results show the mean + SEM.
N=10 mice per group. n.s.: not
significant; ***P<0.001;
**%*%P<0.0001. DEC: decidua;
UT: uterus; SPL: spleen.

Nn.S.

Figure 2. Trafficking of peripheral
NK cells and NKP during early
pregnancy. (A) Peripheral EGFP*-
NK cells (CD3CD122* NK1.1%)
were isolated from the spleen of
virgin mice and injected in syn-
geneic WT mice at gd 0.5.
Histogram represents percent-
ages of EGFP*-NK cells recovered
in decidua, uterus, spleen, uterus-
draining lymph node (DR. LN.)
and not draining lymph node (NOT
DR. LN.) of pregnant mice at the
indicated gd, normalized with the
percentage of the total NK cells
per organ (EGFP'/total NK cells
*100). Virgin (v.) mice were used
as control (white bars). Results
show the meantSEM. N= 4 mice

uT

per group. (B) NKP (LinCD122%)
were isolated from the BM of
EGFP* mice and injected in syn-
geneic WT mice at gd 0.5. At gd
7.5 the presence and the pheno-
type of EGFP*-cells were analyzed
in the different organs. Red dot

plots represent the phenotype of
the transferred EGFP* cells, over-
layed with the negative control

CD3

(contour plot, gray). Numbers
refer to dot plots and indicate the
percentages of transferred EGFP*
cells in the different quadrants.

One representative experiment
out of 3.

haematologica | 2014; 99(3)




Presence of immature natural killer cells in decidua
and uterus

In order to verify the NK cell differentiation in decidua
and uterus, different markers acquired during NK cell mat-
uration were analyzed.*** The expression of NK1.1 and
DXS5 allows the identification of 4 subsets: NK1.1-DX5,
NK1.1"DX5, NK1.1'DX5* and NK1.1'DX5* (Figure 3A). A
previous study reported that NK1.1"DX5" uterine NK cells
derived from pregnant mice selectively express the DBA
lectin Thus, we analyzed the expression of DBA by
NK1.1'DX5 NK cells at different gd (5.5-9.5-14.5) in
decidua and uterus separately (Online Supplementary Figure
S4). It should be noted that the NK1.1'DX5 NK cells rep-
resent only a minor fraction of the total CD3 CD122* NK
cells in all tissues analyzed (Figure 3A). Therefore, DBA
expression does not comprehensively identify the NK cell
pool present in decidua and uterus during early pregnancy.
On the other hand, the majority of CD3°CD122* NK cells
expressed NK1.1. Notably, although not shown, most of
NK1.1* cells also expressed NKp46.*° A large population of
NK1.1* cells (expressing or not expressing DX5) was
already present as early as gd 5.5 in decidua and uterus
(Figure 3A). Therefore, we focused on NK1.1'DX5 and
NK1.1"DX5* subsets. We first analyzed their percentages
during gestation (Figure 3B). The results show that the
more mature NK1.1'DX5* NK cells are abundant in all
organs analyzed (decidua, uterus, BM and spleen) and dis-
played minor variations during pregnancy. On the other

A Gated on CD3- CD122+:
gd5.5
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hand, the more immature NK1.1'DX5  NK cells were
mainly present in decidua and uterus. The percentage of
these cells in decidua was 28+6% at gd 5.5 and decreased
during the second week of pregnancy. In uterus, the
NK1.1"DX5 NK cell subset was already present in virgin
mice and did not significantly change during pregnancy.
These data indicate that during early pregnancy decidua
and uterus contain large proportions of immature NK cells.

Natural killer cells undergo maturation in decidua
and uterus during early pregnancy

In order to better characterize CD3CD122°NK1.1* NK
cells in decidua and uterus, we analyzed the expression of
CD27 and CD11b, two informative markers of NK cell
maturation, during pregnancy (Figure 4A). BM and spleen
were included as controls. dNK cells were characterized
by an immature phenotype (with prevalence of
CD27"+CD11b"*", stage II) in early pregnancy (gd 4.5-gd
5.5). Notably, at gd 4.5-gd 5.5 stage Il was more represent-
ed in decidua than in BM-NK cells. After gd 5.5, a rapid
NK cell maturation occurred in decidua, as
CD27"+CD11b"¢" (stage III) and CD27°*CD11b"#" (stage
IV) had substantially increased. This process continued
until gd 8,5 when no further changes were observed. uNK
cells, similar to sNK cells, were mostly represented by
stage IV. There were no differences between pregnant and
virgin mice, and there was no variation in the maturation
level of uNK and sNK during gestation. Also in the BM,

Figure 3. Immature NK cells are highly pres-
ent in decidua and uterus during early preg-
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SPL

nancy. (A) NK1.1 and DX5 expression by NK
cells derived from the indicated organs from

a pregnant mouse at gd 5.5. Numbers in dif-
ferent quadrants represent the cell percent-
ages. Results are representative of 5 inde-
pendent experiments. (B) Percentages of

NK1.1'DX5" (B) and NK1.1'DX5 (3J) NK cells
isolated from the indicated organs at differ-
ent gd. Virgin mice (v.) were used as control.
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Results show the mean+SEM. N=5 mice per
group.
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NK cell maturation level did not change during pregnancy.
Representative cytofluorimetric analysis at gd 5.5 is
shown in Online Supplementary Figure S5. Taken together,
these data suggest that NK cells undergo differentiation in
decidua during early pregnancy. In order to further docu-
ment the occurrence of in situ differentiation of dNK and
ulNK cells, we also analyzed the stage of maturation of
adoptively transferred EGFP*-peripheral NK cells (Figure 2)
that had been recruited in the different organs during ges-
tation (Figure 4B). Analysis of CD27 and CD11b expres-
sion revealed that the few EGFP*-NK cells recruited into
uterus at gd 3.5 displayed an immature phenotype (high
percentages of CD27*CD11b"" and CD27""CD11b"").
These cells underwent rapid maturation since, at gd 5.5
and 7.5, EGFP*-NK cells in uterus were mostly stage IV.
Remarkably, also EGFP*-NK cells present in the uterus of
virgin mice displayed a mature phenotype. In lymph
nodes, EGFP*-NK cells were mostly stage III, with no dif-
ferences between pregnant and virgin mice. Taken togeth-
er, these results clearly indicate that NK cells can undergo
rapid in situ maturation both in decidua and uterus during
early pregnancy:.

O stage |
0 stage ll
B stage lll
@ stage IV

DEC 100

80
60

% in NK cells

Cb27

% in EGFP* NK cells

Natural killer cells undergo intensive proliferation
in decidua and uterus in early pregnancy

The presence of high proportions of immature
CD3CD122'NK1.1* NK cells in decidua and uterus during
the early phase of gestation may reflect an intensive NK
cell proliferation. Thus, we comparatively analyzed the
spontaneous NK cell proliferation in different tissues dur-
ing pregnancy. To this end, mice at different gd were
injected with BrdU. After 18 h, BrdU incorporation was
measured in NK cells isolated from decidua, uterus, BM
and spleen. Virgin mice were used as controls. dNK cells
displayed the highest proliferation rate (Figure 5A).
Indeed, they showed a peak of proliferation at gd 5.5
(13+5%), then the proportion of proliferating dNK cells
rapidly decreased (4+1% at gd 7.5). uNK cells from virgin
mice displayed a low proliferation rate (2.5+1%) that
increased after pregnancy was established to reach maxi-
mal levels at gd 5.5 (9+3%). Similar to dNK cells, prolifer-
ation of uNK cells at gd 7.5 had already decreased (2+1%)
and remained low during the second week of gestation. In
the BM, the percentages of proliferating NK cells increased
after pregnancy was established (from 3+2% in virgin to

Figure 4. dNK and uNK
cells undergo in situ matu-
ration during early preg-
nancy. (A) Percentages of
CD27""CD11b"™ (stage I),
CD27"«"CD11b"" (stage Il),
CD27""CD11b"¢" (stage IlI)
and CD27"°"CD11b"e"
(stage IV) NK cells from
the indicated organs from
virgin (v.) and pregnant
mice at different gd.
Results show the mean
SEM. N=10 mice per
group. (B) Dot plot shows
CD27 and CD11b expres-
sion in the peripheral
EGFP*-NK cells (CD3-
CD122* NK1.1%) injected in
syngeneic WT mice at gd
0.5. Percentages  of
CD27°*CD11b"™ (stage 1),
CD27"sCD11b"" (stage lII),
CD27""CD11b"* (stage Ill)
and CD27"°"CD11b"e"
(stage IV) in EGFP*-NK
cells recruited in the indi-
cated organs from virgin
(v.) and pregnant mice at
different gd. DR. LN.:
uterus-draining lymph
node; NOT DR. LN.: not
draining lymph node.
Results show the
meanzSEM. N=3 mice per

gd 5.5

DEC UT SPL D.L ND.L

virgin

DEC UT SPL D.L ND.L
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9+4% at gd 3.5) and remained stable through gd 14.5. On
the other hand, in the spleen of virgin mice, the percentage
of proliferating NK cells was low (3+1%) and did not vary
during pregnancy (Figure 5A). In addition, we compara-
tively analyzed the proliferation rate of T and NKT cells
derived from decidua, uterus, BM and spleen. Both cell
types displayed a low proliferation rate, which was not
significantly modified during pregnancy (Ounline
Supplementary Figure S6). Proliferation of NK cells was con-
firmed by Ki-67 staining on frozen sections derived from
pregnant uteri containing implants (Figure 5B).

IL-15 is the main cytokine involved in the NK differen-
tiation/proliferation, thus we analyzed the expression of
membrane-bound IL-15 (mlIL-15) on decidual stromal cells
(DSC). DSC expressed high levels of mIL-15, while stro-
mal cells derived from BM were negative (Figure 5C).

Immature natural killer cells from decidua and uterus
express high levels of Ly49D receptor

We further analyzed CD3-CD122'NK1.1* NK cells
derived from decidua and uterus at gd 5.5 for the expres-
sion of informative markers (Figure 6A). The expression of
NKp46, NKG2D, CD69, granzyme B and NKG2A/C/E in
dNK and ulNK was similar to that of NK cells isolated from
BM and spleen at gd 5.5. We also analyzed the MHC-spe-
cific Ly49 receptors, which are acquired during NK cell
maturation. sNK cells expressed high levels of Ly49C/I

A DEC uT B NKp46 Ki-67
20 % 20
15 15
10 10 n.s
5 5
0 0
% v. 35 55 75 145 v. 35 55 75 145
; gestation days (gd)
o
“j 20 BM 20 SPL
S 115 15
10 * 10
5 5
0
v. 35 55 75 145 v. 35 55 75 145
gestation days (gd)
C

dSC BM-SC

mlL-15

and Ly49G2, in agreement with their advanced matura-
tion stage. BM-NK cells expressed low percentages of
Ly49C/I and Ly49G2, in line with their partially immature
phenotype. An intermediate level of expression of these
receptors was detected in dNK and ulNK cells. Notably, the
activating receptor Ly49D was expressed in higher per-
centages in dNK cells as compared to NK cells isolated
from the other tissues.

In addition, the expression of Ly49C/l, Ly49G2 and
Ly49D was analyzed in the 4 NK cell subsets defined by
CD27 and CD11b expression (Figure 6B). In all tissues, the
percentages of Ly49C/I were low in CD27°*CD11b""
(stage I) and progressively increased in the other matura-
tion stages. A similar increase was observed for Ly49G2 in
uterus-, BM- and spleen-NK cells. In contrast, in decidua,
the expression of Ly49G2 was similar in all subsets. Ly49D,
in BM-NK and sNK cells, was more expressed at stage 111
and IV, while in dNK and uNK cells it was more expressed
in the immature subsets (stages I and II). Ly49 receptor
expression was also assessed in NKI1.1'DX5 and
NK1.1"DX5" NK cell populations derived from the different
tissues of pregnant mice at gd 5.5 (Online Supplementary
Figure S7). This analysis confirmed that dNK and ulNK
expressed higher levels of Ly49D receptor, as compared to
BM-NK and sNK cells. Notably, Ly49D was highly present
even on the more immature NK1.1'DX5 NK cell popula-
tion. These data provide evidence that Ly49D is already

NK cell development in decidua and uterus -

Figure 5. High rate of NK cells proliferation during early pregnancy. (A) Percentages of proliferating (BrdU*) NK cells (CD3'CD122'NK1.1") from
virgin (v.) and pregnant mice at different gd. Unpaired two-tailed Student’s t-test was used to compare BrdU* cells from decidua, uterus and
BM versus BrdU* cells from spleen at gd 5.5. Results show the mean+SEM of BrdU* cells. N=9 mice per group. n.s.: not significant; *P<0.05.
(B) Ki-67 (green) and NKp46 (red) staining on frozen sections of pregnant uterus containing implants. The white arrows indicate proliferating
NK cells (magnification 40x). Panels ¢ and d represent a maghnification of white squares (C) mIL-15 expression (gray profiles) on stromal cells
derived from decidua and BM. Empty profiles represent isotypic control.
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expressed at the earliest stages of NK cell differentiation
both in decidua and uterus.

dNK and uNK display regulatory rather than cytotoxic
functions

CD3CD122*NK1.1* NK cells derived from decidua,
uterus and spleen at gd 5.5 were analyzed for their
cytolytic potential using the degranulation assay based on
CD107a surface expression. In parallel, these cells were
tested for the IFN-y production. In these assays, cells were
stimulated either with monoclonal antibodies (mAbs)
directed against NK1.1, NKG2D and Ly49D receptors or
using the NK-sensitive target cell YAC-1 or PMA-IONO.
dNK and uNK cells displayed much lower CD107a expres-
sion and intracytoplasmic IEN-y than sNK cells upon trig-
gering with all stimuli (Figure 7). In order to understand

- L. Chiossone et al.

the function of dNK during early pregnancy, different
cytokines/chemokines were analyzed in supernatants of
CD3CD122'NK1.1* NK cells isolated from RAG-2"" mice
at gd 5.5. Upon 18-h stimulation with the stimuli men-
tioned above, dNK cells isolated from pregnant mice at gd
5.5 were able to release VEGF, GM-CSF and IP10 (Online
Supplementary Figure S8). Taken together, these results sug-
gest that dNK and uNK cells are characterized by a low
cytolytic potential and produced soluble factors involved
in tissue remodeling and neoangiogenesis.

Discussion

Natural killer cells are important for the establishment
and maintenance of pregnancy.””" However, information

A Gated on CD3- CD122* NK1.1*
gd 5.5
NKp46 NKG2D CD69 GrmB  NKG2A/C/E Ly49 C/I Ly49 G2 Ly49D
PEe ﬂ &ML A J‘
' 1834 996 3270 4080 54% 34% 42% 76% . .
Figure 6. Peculiar phenotype of dNK
and uNK cells. Decidua, uterus, BM and
spleen were isolated from pregnant
mice at gd 5.5. (A) Representative flow
uT ! cytometric analysis of various cell-sur-
| ] face or intracellular markers expressed
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Ly49D expression in the different CD3
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CD27°*CD11b" (stage 1),
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on the origin and phenotype of decidual and uterine NK
cells is still limited.*****In the present study, we analyzed
murine dNK and uNK cells starting as early as gd 3.5 by
using markers expressed since the initial stages of NK cell
differentiation. We showed that, during early pregnancy,
large proportions of NK cells were present in decidua and
uterus. Adoptive transfer of peripheral NK cells revealed
that only a minority of these cells was recruited in decidua
and uterus, while NKP efficiently migrated in these organs
where they underwent differentiation generating dNK and
ulNK. Moreover, NK-committed hematopoietic precursors
were abundantly present in decidua and uterus of preg-
nant mice. These cells underwent rapid in situ proliferation
and differentiation, thus generating dNK and ulNK cells
with poor cytotoxic function but able to produce soluble
factors involved in the maintenance of pregnancy. Despite
their immature phenotype, dNK and ulNK cells expressed
high levels of the activating Ly49D receptor, thus suggest-
ing that a peculiar NK developmental pathway may occur
in decidua and uterus.

Previous studies in mice have been focused on the
analysis of NK cells present in pregnant uterus using DBA,
a surface marker specifically expressed by uterine NK
cells. However, DBA is acquired by a small percentage of
uterine NK cells and its expression increases during preg-
nancy.”** This led to the notion that mouse uterine NK
cell numbers peak at mid-gestation, thus differing from
what has been described in humans." In our present
study, we analyzed dNK and ulNK cells by using NK1.1
and DX5 markers. NK1.1 is acquired very early during NK
cell differentiation, while DX5 identifies the majority of
mature NK cells. The use of NK1.1 and the possibility of
analyzing decidua and uterus separately allowed us to
identify and characterize NK cells isolated from these tis-
sues since the early phase of gestation. We showed that
NK cells were present in large proportions in both tissues
immediately after implantation, while they subsequently
decreased. Moreover, we provided evidence that the
immature NK1.1"DX5  NK cells were present in high pro-
portions both in decidua and uterus.

The experiments of adoptive transfer suggested that the
NK cells present in decidua and uterus during the early
phase of gestation did not derive from peripheral NK cells
recruited when pregnancy was established. Notably, we

NK cell development in decidua and uterus -

showed that peripheral NK cells can traffic through the
uterine tissues, as they were found in uterus-draining
lymph nodes. However, only a minority remained in
uterus and decidua. Moreover, the expression of CD27
and CD11b revealed that the few peripheral NK cells
recruited into uterus at gd 3.5 displayed an immature phe-
notype, thus suggesting that the homing to uterine tissues
is confined to immature NK cells. More strikingly, trans-
ferred-NKP efficiently migrated to decidua and uterus
where they differentiated towards NK cells. Thus, it is
conceivable that dNK and uNK cells may develop i situ.
Previous studies in humans revealed the presence of
CD34* hematopoietic precursors in endometrial and
decidual tissues that could give rise to mature NK cells
when cultured in vitro.”® On the contrary, graft experi-
ments in mice suggested that uNK cells were derived from
the recruitment of BM-precursors.” However, the formal
evidence that precursors can differentiate into mature
dNK and uNK cells i vivo was still lacking. In the present
study, we showed that Lin CD122" hematopoietic precur-
sors were present in decidua and uterus during early preg-
nancy. These cells were able to give rise to immature
CD27"+CD11b**NK cells (stage II) that undergo intensive
proliferation. Interestingly, at gd 5.5, proliferation of NK
cells was higher in decidua than in the other organs.
Subsequently, dNK cells undergo rapid maturation in situ.
Taken together, these data indicate that the NK cell differ-
entiation can occur in decidua, as previously described for
other peripheral sites, such as inflamed lymph nodes, ton-
sils, thymus and liver.**

Studies in humans have been mostly focused on NK
cells isolated from decidual tissues during the first
trimester (i.e. early pregnancy). These studies revealed
that dNK cells release a number of cytokines/chemokines
involved in tissue remodeling and neoangiogenesis rather
than pro-inflammatory cytokines (IEN-y and TNF-a)."*"
1% In addition, human dNK cells were poorly cytolytic, in
spite of their relevant content of perforin and granzymes.
They also displayed a peculiar surface phenotype, as they
were CD56™# (typical of immature NK cells), and KIRs*
(normally confined to mature NK cells). It has been shown
that human dNK cells express both inhibitory and activat-
ing KIRs specific for HLA-C molecules that are present at
the trophoblast cell surface during the first trimester. The
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Figure 7. Cytotolytic activity and IFN-y produc-
tion by dNK and uNK cells in early pregnancy.
(A) Percentages of CD107a* NK cells upon 4h
triggering with the indicated stimuli. (B)
Percentages of IFN-y* NK cells upon 4h trig-
gering with the same stimuli. Results show
the meantSEM. N=4 mice per group.
Unpaired two-tailed Student’s t-test was used
to compare decidua and uterus versus spleen
for each stimulus. When not indicated,
results were not statistically significant.
*P<0.05; **P<0.01.
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interactions between KIRs and trophoblast HLA-C mole-
cules appear to play a relevant role for a successful preg-
nancy.” Our present data showed that murine dNK and
uNK cells display phenotypic features similar to those of
human dNK cells since they express high levels of the
MHC-specific Ly49 receptors (i.e. the mouse equivalent of
human KIRs), in particular the Ly49D activating receptor.
In addition, mouse dNK cells expressed high levels of
CD27, a marker that is associated with a bright expression
of CD56 in humans.®* Similar to humans, murine dNK
cells were poorly cytolytic and produced low amounts of
IEN-y despite their high expression of the activating recep-
tors NK1.1, NKp46 and NKG2D and high levels of
granzyme B. Moreover, we showed that murine dNK cells
were capable of releasing cytokines and chemokines
involved in tissue remodeling and neoangiogenesis,
including GM-CSE, VEGF and IP10.

Taken together, our results suggest that decidua and
uterus represent novel sites capable of sustaining NK cell
differentiation. It is conceivable that this particular
microenvironment may play a critical role in the acquisi-
tion of the unique dNK and uNK cell phenotypic and func-
tional characteristics.®* In this context, we showed that
IL-15, a key cytokine for NK cell differentiation and func-
tional maturation, is expressed by DSC, thus providing a

suitable milieu for NK cell development and proliferation.
Moreover, our present characterization of mouse dNK and
uNK cells highlights important similarities with humans,
thus providing a useful tool for a better understanding of
the events occurring in the establishment/maintenance of
pregnancy and of possible causes of recurrent miscar-
riages.

Funding

This work was supported by grants awarded by Associazione
Italiana per la Ricerca sul Cancro (AIRC):1G2010 project n.
10225 (LM), and "Special Program Molecular Clinical Oncology
5x1000" 1.9962 (L.V.); Ministero dell'Istruzione, dell’ Universita
e della Ricerca (MIUR):MIUR-FIRB2003 project RBLAO39LSF-
001 (LM), MIUR-PRIN2009 project 2009T4TC33_004
(MCM), MIUR-PRIN2008 (project2008PTB3HC_005 (LM);
Ministero della  Salute:RF2006-Ricerca Oncologica-Project of
Integrated — Program2006-08,  agreement n.RO-strategici
3/07(L.M.) and RFPS-2007-4-633146 agreement n.RO-strate-
gici 8/07 (MCM).

Authorship and Disclosures

Information on authorship, contributions, and financial & other
disclosures was provided by the authors and is available with the
online version of this article at www.haematologica.org.

-“ haematologica | 2014; 99(3)

AM, Tayade C. Uterine natural killer cells: a
specialized differentiation regulated by ovar-
ian hormones. Immunol Rev. 2006;214:161-
85.

cells and trophoblast cells. Evidence for
divergent functional profiles of decidual ver-
sus peripheral NK cells. Int Immunol.
2008;20(11):1395-405.

References 12. Moffett-King A. Natural killer cells and preg- ~ 20. Lash GE, Naruse K, Robson A, Innes BA,
nancy. Nat Rev Immunol. 2002;2(9):656-63. Searle RE Robson SC, et al. Interaction
13. Vacca P, Pietra G, Falco M, Romeo E, Bottino between uterine natural killer cells and
1. Caligiuri MA. Human natural killer cells. C, Bellora F et al. Analysis of natural killer extravillous trophoblast cells: effect on
Blood. 2008;112(3):461-9. cells isolated from human decidua: Evidence cytokine and angiogenic growth factor pro-
2. Cerwenka A, Lanier LL. Natural killer cells, that 2B4 (CD244) functions as an inhibitory duction. Hum Reprod. 2011;26(9):2289-95.
viruses and cancer. Nat Rev Immunol. receptor and blocks NK-cell function. Blood. ~ 21. Croy BA, Burke SD, Barrette VE Zhang ],
2001;1(1):41-9. 2006;108(13):4078-85. Hatta K, Smith GN, et al. Identification of
3. Moretta A, Bottino C, Vitale M, Pende D,  14. Keskin DB, Allan DS, Rybalov B, Andzelm the primary outcomes that result from defi-
Biassoni R, Mingari MC, et al. Receptors for MM, Stern JN, Kopcow HD, et al. TGFbeta cient spiral arterial modification in pregnant
HLA class-I molecules in human natural promotes conversion of CD16+ peripheral mice. Pregnancy Hypertens. 2011;1(1):87-94.
killer cells. Annu Rev Immunol. 1996;14: blood NK cells into CD16- NK cells with ~ 22. Mrozek E, Anderson P, Caligiuri MA. Role of
619-48. similarities to decidual NK cells. Proc Natl interleukin-15 in the development of human
4. Moretta A, Bottino C, Vitale M, Pende D, Acad Sci USA. 2007;104(9):3378-83. CD56+ natural killer cells from CD34+
Cantoni C, Mingari MC, et al. Activating  15. Male V, Hughes T, McClory S, Colucci E hematopoietic progenitor cells. Blood.
receptors and coreceptors involved in Caligiuri MA, Moffett A. Immature NK cells, 1996;87(7):2632-40.
human natural killer cell-mediated cytolysis. capable of producing IL-22, are present in ~ 23. Miller JS, McCullar V. Human natural killer
Annu Rev Immunol. 2001;19:197-223. human uterine mucosa. ] Immunol. 2010; cells  with  polyclonal lectin  and
5. Moretta L, Moretta A. Unravelling natural 185(7):3913-8. immunoglobulinlike receptors develop from
killer cell function: triggering and inhibitory ~ 16. Vacca F, Vitale C, Montaldo E, Conte R, single hematopoietic stem cells with prefer-
human NK receptors. EMBO J. 2004;23(2): Cantoni C, Fulcheri E, et al. CD34+ ential expression of NKG2A and
255-9. hematopoietic precursors are present in KIR2DL2/L3/S2. Blood. 2001;98(3):705-13.
6. Long EO. Regulation of immune responses human decidua and differentiate into natural ~ 24. Grzywacz B, Kataria N, Sikora M,
through inhibitory receptors. Annu Rev killer cells upon interaction with stromal Oostendorp RA, Dzierzak EA, Blazar BR, et
Immunol. 1999;17:875-904. cells. Proc Natl Acad Sci USA. 2011;108(6): al. Coordinated acquisition of inhibitory and
7. Vivier E, Raulet DH, Moretta A, Caligiuri 2402-7. activating receptors and functional proper-
MA, Zitvogel L, Lanier LL, et al. Innate or ~ 17. Hanna ], Goldman-Wohl D, Hamani Y, ties by developing human natural killer cells.
adaptive immunity¢ The example of natural Avraham I, Greenfield C, Natanson-Yaron S, Blood. 2006;108(12):3824-33.
killer cells. Science. 2011;331(6013):44-9. et al. Decidual NK cells regulate key devel- ~ 25. Vitale C, Chiossone L, Morreale G, Lanino E,
8. ShiFD, Ljunggren HG, La Cava A, Van Kaer opmental processes at the human fetal- Cottalasso F Moretti S, et al. Analysis of the
L. Organ-specific features of natural killer maternal interface. Nat Med. 2006;12(9): activating receptors and cytolytic function of
cells. Nat Rev Immunol. 2011;11(10):658-71. 1065-74. human natural killer cells undergoing in vivo
9. Mor G, Cardenas I, Abrahams V, Guller S.  18. Le Bouteiller P, Tabiasco J. Killers become differentiation after allogeneic bone marrow
Inflammation and pregnancy: the role of the builders during pregnancy. Nat Med. transplantation. Eur ] Immunol. 2004;34(2):
immune system at the implantation site. 2006;12(9):991-2. 455-60.
Ann NY Acad Sci. 2011;1221:80-7. 19. Vacca B, Cantoni C, Prato C, Fulcheri E, 26. Graf T. Differentiation plasticity of
10. King A. Uterine leukocytes and decidualiza- Moretta A, Moretta L, et al. Regulatory role hematopoietic cells. Blood. 2002;99(9):3089-
tion. Hum Reprod Update. 2000;6(1):28-36. of NKp44, NKp46, DNAM-1 and NKG2D 101.
11. Croy BA, van den Heuvel MJ, Borzychowski receptors in the interaction between NK — 27. Osawa M, Hanada K, Hamada H, Nakauchi

H. Long-term lymphohematopoietic recon-
stitution by a single CD34-low/negative
hematopoietic stem cell. Science. 1996;273
(5272):242-5.



NK cell development in decidua and uterus -

28.

29.

30.

31.

32.
33.

34.

35.

36.

haematologica | 2014; 99(3) 457 -

Di Santo JP. Natural killer cell developmental
pathways: a question of balance. Annu Rev
Immunol. 2006;24:257-86.

Gregoire C, Chasson L, Luci C, Tomasello E,
Geissmann F Vivier E, et al. The trafficking
of natural killer cells. Immunol Rev.
2007;220:169-82.

Mingari MC, Poggi A, Biassoni R, Bellomo
R, Ciccone E, Pella N, et al. In vitro prolifer-
ation and cloning of CD3- CD16+ cells from
human thymocyte precursors. ] Exp Med.
1991;174(1):21-6.

Freud AG, Caligiuri MA. Human natural
killer cell development. Immunol Rev.
2006;214:56-72.

Freud AG, Yokohama A, Becknell B, Lee
MT, Mao HC, Ferketich AK, et al. Evidence
for discrete stages of human natural killer
cell differentiation in vivo. ] Exp Med.
2006;203(4):1033-43.

Fathman JW, Bhattacharya D, Inlay MA,
Seita J, Karsunky H, Weissman IL.
Identification of the earliest natural killer
cell-committed progenitor in murine bone
marrow. Blood. 2011;118(20):5439-47.
Carotta S, Pang SH, Nutt SL, Belz GT.
Identification of the earliest NK-cell precur-
sor in the mouse BM. Blood. 2011;117
(20):5449-52.

Colucci E Caligiuri MA, Di Santo JP. What
does it take to make a natural killer¢ Nat Rev
Immunol. 2003;3(5):413-25.
Narni-Mancinelli E, Chaix ], Fenis A,
Kerdiles YM, Yessaad N, Reynders A, et al.

37.

38.

39.

40.

41.

42.

43.

Fate mapping analysis of lymphoid cells
expressing the NKp46 cell surface receptor.
Proc Natl Acad Sci USA. 2011;108(45):
18324-9.

Chiossone L, Chaix J, Fuseri N, Roth C,
Vivier E, Walzer T. Maturation of mouse NK
cells is a 4-stage developmental program.
Blood. 2009;113(22):5488-96.

Damjanov A, Damjanov . Isolation of serine
protease from granulated metrial gland cells
of mice and rats with lectin from Dolichos
biflorus. ] Reprod Fertil. 1992;95(3):679-84.
Yadi H, Burke S, Madeja Z, Hemberger M,
Moffett A, Colucci E Unique receptor reper-
toire in mouse uterine NK cells. ] Immunol.
2008;181(9):6140-7.

Chen Z, Zhang ], Hatta K, Lima PD, Yadi H,
Colucci E et al. DBA-lectin reactivity defines
mouse uterine natural killer cell subsets with
biased gene expression. Biol Reprod.
2012;87(4):81.

Karimi K, Solano ME, Ashkar AA, Ho H,
Steidle EM, McVey Neufeld KA, et al.
Regulation of pregnancy maintenance and
fetal survival in mice by CD27(low) mature
NK cells. ] Mol Med (Berl). 2012;90(9):1047-
57.

Mallidi TV, Craig LE, Schloemann SR, Riley
JK. Murine endometrial and decidual
NK1.1+ natural killer cells display a
B220+CD11c+ cell surface phenotype. Biol
Reprod. 2009;81(2):310-8.

Rosmaraki EE, Douagi I, Roth C, Colucci E
Cumano A, Di Santo JP. Identification of

44,

45.

46.

47.

48.

49.

50.

committed NK cell progenitors in adult
murine bone marrow. Eur ] Immunol.
2001;31(6):1900-9.

Vacca P, Moretta L, Moretta A, Mingari MC.
Origin, phenotype and function of human
natural killer cells in pregnancy. Trends
Immunol. 2011;32(11):517-23.

Bianco ], Stephenson K, Yamada AT, Croy
BA. Time-course analyses addressing the
acquisition of DBA lectin reactivity in
mouse lymphoid organs and uterus during
the first week of pregnancy. Placenta.
2008;29(12):1009-15.

Paffaro VA Jr, Bizinotto MC, Joazeiro PP,
Yamada AT. Subset classification of mouse
uterine natural killer cells by DBA lectin
reactivity. Placenta. 2003;24(5):479-88.
Chantakru S, Miller C, Roach LE, Kuziel WA,
Maeda N, Wang WC, et al. Contributions
from self-renewal and trafficking to the uter-
ine NK cell population of early pregnancy. ]
Immunol. 2002;168(1):22-8.

Lima PD, Croy BA, Degaki KY, Tayade C,
Yamada AT. Heterogeneity in composition
of mouse uterine natural killer cell granules.
J Leukoc Biol. 2012;92(1):195-204.
Marquardt N, Wilk E, Pokoyski C, Schmidt
RE, Jacobs R. Murine CXCR3+CD27bright
NK cells resemble the human CD56bright
NK-cell population. Eur J Immunol. 2010;
40(5):1428-39.

Hayakawa Y, Andrews DM, Smyth M].
Subset analysis of human and mouse mature
NK cells. Methods Mol Biol. 2010;612:27-38.






