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Natural killer (NK) cells are recruited into the uterine stroma during
establishment of the hemochorial placenta and are proposed
regulators of uterine spiral artery remodeling. Failures in uterine
spiral artery remodeling are linked to diseases of pregnancy. This
prompted an investigation of the involvement of NK cells in pla-
centation. NK cell depletion decreased the delivery of proangio-
genic factors and delayed uterine spiral artery development,
leading to decreased oxygen tension at the placentation site,
stabilized hypoxia-inducible factor 1A protein, and redirected
trophoblast differentiation to an invasive phenotype. Trophoblast
cells replaced the endothelium of uterine spiral arteries extending
the depth of the placental vascular bed and accelerating vessel
remodeling. Hypoxia-regulated trophoblast lineage decisions, in-
cluding expansion of invasive trophoblast, could be reproduced
in vitro by using rat trophoblast stem cells and were dependent
on hypoxia-inducible factor signaling. We conclude that NK cells
guide hemochorial placentation through controlling a hypoxia-
sensitive adaptive reflex regulating trophoblast lineage decisions.

H emochorial placentation is shared by many mammalian
species, including humans, some nonhuman primates, and
rodents (1). The hemochorial placenta is organized into two
distinct compartments. Each compartment provides a specialized
function, which includes (i) delivery of maternal nutrients to the
placenta and (if) transfer of nutrients from the placenta to the
developing fetus. These functionally distinct placental compart-
ments are under different regulatory programs. The maternal—
fetal interface is a dynamic site undergoing pregnancy-associated
adaptations (2). A critical adaptation is the extensive vascular
remodeling of the maternal uterine spiral arteries, which facili-
tates nutrient flow and gas exchange with the growing fetus
(1-3). Failures in this process result in unmodified vessels and
give rise to pregnancy-associated diseases such as preeclampsia,
intrauterine growth restriction, and premature pregnancy termi-
nation (1-3). Mechanisms controlling uterine vascular remodel-
ing are poorly understood. Putative regulators include natural
killer (NK) cells and a specialized lineage of trophoblast cells
referred to as invasive or extravillous trophoblast (2-4).

Uterine adaptations to pregnancy include highly regulated
immune cell trafficking (4). Following embryo implantation in
rodents and primates, most leukocytes are excluded from uterine
tissue proximal to the placentation site except for NK cells (4, 5).
Implantation-associated decidualization in the rat and mouse
results in the accumulation of NK cells in the uterine meso-
metrial decidua (4, 5). NK cells have been implicated in preg-
nancy-associated uterine vascular development (4, 6, 7). Genetic
deficiency of uterine NK cells results in a lack of remodeling
of the uterine vasculature, resulting in hypertrophied vascular
media, swollen endothelial cells, and narrow vessel lumens (8).
NK cell-mediated effects on the uterine vasculature may be di-
rected by NK cell production of an assortment of angiogenic
and vasoactive factors (4-7, 9). Aberrant NK cell number, acti-
vation, and signaling have been implicated in pregnancy com-
plications (4, 7).

The invasive trophoblast lineage arises from trophoblast stem
TS) cells through an as yet unknown differentiation process
10). This differentiated cell lineage possesses a unique pheno-

type and is specialized for adhesion, degradation, and migration
through uterine stromal extracellular matrices and restructuring
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uterine spiral arteries (2, 3, 5). Invasive trophoblast cells take two
routes as they penetrate into the uterus. They move between
spiral arteries (interstitial) or, alternatively, they move within
spiral arteries (endovascular), replacing the endothelium and in
some instances acquiring a pseudoendothelial phenotype as they
proceed (2, 3, 5, 11, 12). Rat and human placentation sites are
characterized by deep trophoblast cell invasion into the uterine
wall (2, 3, 5), a situation that contrasts with the mouse, where
placentation is relatively superficial (5). Shallow trophoblast in-
vasion in humans, however, is linked to poor spiral artery
remodeling and diseases of pregnancy (2, 3).

A potential interaction between uterine NK cells and tro-
phoblast cells is not clearly understood. A reciprocal relationship
exists in rat and mouse regarding the presence of NK cells and
invasive trophoblast cells (5, 13). NK cells direct the first wave
of vascular modification. Their disappearance after midgestation
marks the entry of invasive trophoblast cells and initiation of
the second wave of vascular modification. The reciprocal re-
lationship of NK cells and trophoblast cells is also supported by
observations with an NK-deficient mouse model (5) and the
brown Norway rat (13). NK cells may directly act on trophoblast
cells (4, 6, 7) or, alternatively, they may have indirect effects
on trophoblast cells via actions on other constituents of the
uterine mesometrial compartment (4, 9). The latter may include
uterine NK cell products targeting uterine spiral arteries and
their delivery of nutrients, including oxygen, to the developing
placenta.

Placental development is sensitive to oxygen availability. Ox-
ygen tension at the maternal-fetal interface changes with ges-
tation and is also affected by placentation (14-16). Oxygen
tensions tend to be lower during early pregnancy and increase
following the establishment of the hemochorial placenta (16).
Insights about the role of oxygen as an intrinsic regulator of
placentation have been derived from mutagenesis of genes in the
mouse controlling cellular responses to hypoxia. Central to the
cellular response to hypoxia is a transcription factor complex
referred to as hypoxia-inducible factor (HIF) (17). Phenotypes
of placentas with null mutations for several genes encoding
components of the HIF signaling pathway exhibit failures in
placentation (15, 18). Exposure of pregnant rats to a hypoxic
environment leads to alterations in placentation, especially ex-
pansion of the invasive trophoblast lineage (19). This is a con-
served adaptive response. Maternal anemia (human) and chronic
constriction of the lower aorta (rhesus monkey), which lead to
hypoxia at the maternal-fetal interface, are also triggers for in-
creasing intrauterine trophoblast invasion (20, 21).
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Results

Depletion of Uterine NK Cells. NK cells were depleted in Holtzman
Sprague-Dawley rats by treatment with anti-asialo GM1 anti-
bodies (22, 23) on gestation day (E)4.5 or E4.5 and E9.5. Pla-
centation sites were collected on E9.5 or E13.5 and examined
for the presence of NK cells by using PRF1 immunostaining.
A single injection of anti-asialo GM1 at E4.5 depleted NK cells
from placentation sites at E9.5 (Fig. S1) and decreased uterine
NK cell numbers on E13.5 (Fig. S1). Quantitative (q)RT-PCR of
E9.5 uterine mesometrial decidua for Prfl mRNA verified the
depletion of NK cells (Fig. S1). A combination of two injections of
anti-asialo GM1 (E4.5 and E9.5) was effective in depleting uter-
ine NK cells at E13.5 (Fig. 1 B-F). Successful NK cell depletion
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Fig. 1. NK cell depletion leads to activation of endovascular trophoblast
invasion on E13.5. (A) Rats were treated on E4.5 and E9.5 with normal rabbit
serum (Control) or anti-asialo GM1 (NK cell depleted) and killed on E13.5. NK
cells and invasive trophoblast were identified by PRF1 (B-E) and pan-cyto-
keratin (G-J) immunocytochemistry, respectively. (D, E, I, and J) High-mag-
nification images of boxed regions in B, C, G, and H, respectively. (F)
Quantification of depletion (n =5 per group; P < 0.001, Student’s t test). (K)
Quantification of the depth of cytokeratin-positive cell penetration into the
uterine mesometrial vasculature (n = 5 per group; *P < 0.001, Student's t
test). (L and M) In situ hybridization of Pr/l7b7 mRNA in control and NK cell-
depleted E13.5 placentation sites. (N and O) Representative images showing
EGFP-expressing endovascular trophoblast cells at E13.5 placentation sites of
control (N) and NK cell-depleted (O) wild-type female rats mated to EGFP
transgenic male rats. (P) Pri7b1 transcript levels in E13.5 metrial gland tissues
dissected from control and NK cell-depleted rats (n = 4 per group; *P < 0.001,
Student’s t test). (Scale bars, 0.25 mm.)
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was confirmed through the use of other strategies to detect NK
cells (Fig. S2). The immunodepletion treatment was also effective
in depleting systemic NK cells as assessed by flow cytometry (Fig.
S1). Controls exhibited the expected full complement of systemic
and uterine NK cells. Delaying anti-asialo GM1 antibody treat-
ment until E6.5 was less effective in depleting NK cells (Fig. S1),
suggesting that antibody access to the critical NK/NK precursor
cell population homing to the uterus is developmentally re-
stricted. Thus, we have established a protocol for preventing NK
cell colonization of the placentation site and a tool for in-
vestigating the role of NK cells in hemochorial placentation, and
gained some insight about NK cell homing to the uterus.

NK Cells, Endovascular Trophoblast Invasion, and Uterine Spiral Artery
Remodeling. The placentation site at E13.5 is well-defined but lacks
penetration of invasive trophoblast cells beyond the decidual
compartment (5). In contrast, E13.5 placentation sites from NK
cell-depleted rats exhibited deep intrauterine endovascular tro-
phoblast invasion (Fig. 1). Uterine spiral arteries were lined with
cells expressing cytokeratin (Fig. 1 G-K and P) and Pri7b1 (Fig. 1L
and M). The latter is restricted to the invasive trophoblast cell
lineage (13, 19). Similar effects of NK cell depletion on placen-
tation were also observed in three additional inbred strains (F344,
DSS, and BN; Fig. S3). We also verified the extraembryonic origin
of the endovascular invasive trophoblast cells using a transgenic rat
model constitutively expressing enhanced green fluorescent pro-
tein (EGFP) (19). NK cell depletion stimulated EGFP-expressing
extraembryonic cells to invade the uterine vasculature of wild-type
HSD females (Fig. 1 N and O). As indicated above, a single in-
jection of anti-asialo GM1 on E4.5 depleted NK cells at E9.5 with
some recovery by E13.5 (Fig. S1). This treatment was effective in
stimulating endovascular trophoblast cell invasion on E13.5 (Fig.
S4), suggesting that NK cell depletion was not required throughout
the 8-d interval. Delaying anti-asialo GM1 treatment until E6.5 did
not effectively deplete uterine NK cells (Fig. S1), nor did it pro-
mote endovascular trophoblast invasion (Fig. S4).

Three types of centrally located uterine spiral arteries were
observed at E13.5: (i) vessels surrounded by NK cells (controls);
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Fig. 2. NK cells and endovascular trophoblast cells contribute to remodel-
ing uterine spiral artery structure. (A-D) Rats were treated on E4.5 and E9.5
with normal rabbit serum (Control) or anti-asialo GM1 (NK cell depleted) and
killed on E13.5. Double immunofluorescence staining for ANK61 and ACTA2
(A and B) and cytokeratin and ACTA2 (C and D). (A and C) Asterisks de-
marcate blood vessels possessing interruptions (arrowheads) in the tunica
media. (B) Asterisks identify blood vessels with intact tunica media. (E-G)
Rats were treated on E4.5 and E9.5 with normal rabbit serum (Control; E) or
received a single injection of anti-asialo GM1 on E4.5 [Anti-aGM1-1(4.5); F] or
injections on E4.5 and E9.5 [Anti-aGM1-2(4 595, G]. All animals were killed
on E13.5. Double immunofluorescence staining for cytokeratin and PECAM1
(E-G). (G) The asterisk indicates the location of a blood vessel lined by cells
doubly positive for cytokeratin and PECAM1 (yellow). (Scale bars, 0.25 mm.)
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(ii) vessels devoid of NK cells; and (iii) vessels devoid of NK cells
but containing endovascular trophoblast cells. The presence of
NK cells led to disruptions in the smooth muscle layer sur-
rounding spiral arteries (Fig. 2. 4 and C). These modifications
were not observed in spiral arteries devoid of NK cells (Fig. 2B).
The trophoblast-bearing spiral arteries of NK cell-depleted rats
exhibited diminished ACTA2 and in many instances complete
loss of the smooth muscle layer (Fig. 2D). PECAMI1 immuno-
staining was absent from some modified uterine spiral arteries,
reflecting the disappearance of the endothelium (Fig. 2F), but
present 1n others containing endovascular trophoblast (Fig. 2G),
indicative of their acquisition of a pseudoendothelial phenotype
(12). NK cells reappear in the uterine mesometrial compartment
in rats receiving a single injection of anti-asialo GM1 on E4.5 but
not in rats receiving injections on both E4.5 and E9.5 (Fig. S1
and Fig. 1). The pseudoendothelial trophoblast phenotype was
much easier to identify following the latter treatment (Fig. 2G).
Partial NK cell depletion versus complete NK cell depletion
results in distinct endovascular trophoblast phenotypes on E13.5
and indicates that NK cells may modulate the appearance of the
pseudoendothelial phenotype.

The results indicate that NK cells regulate uterine spiral artery
remodeling through several mechanisms: (i) acting on the spiral
artery tunica media; (ii? restraining endovascular trophoblast
invasion; and (iif) modulating the endovascular trophoblast cell
phenotype.

NK Cells Modulate Uterine Spiral Arteries and Oxygen Delivery. The
effects of NK cell depletion on placentation closely resembled
our earlier observations on the effects of maternal hypoxia on
placentation (19). A 24-h interval of sensitivity to maternal
hypoxia was noted between E8.5 and E9.5 (19). This prompted
an investigation of NK cell-depleted and control placentation
sites at E9.5. A prominent difference in the distribution of
uterine spiral arteries (ACTA2- and PECAMI-positive) was
observed at E9.5 (Fig. 3 A-FE). NK cell-depleted placentation
sites showed significantly less development of uterine spiral
arteries, especially their progression toward the primordial pla-

Fig. 3. NK cells, uterine spiral artery
development, and oxygen delivery. Rats
were treated on E4.5 with normal rabbit
serum (Control) or anti-asialo GM1 (NK
cell depleted) and killed on E9.5. Blood
vessels were identified by PECAM1 (A
and B) and ACTA2 (C and D) immunocy-
tochemistry. () Numbers of PECAM1-
positive vessels within the uterine meso-
metrial compartment were quantified.
The asterisk indicates significant differ-
ences between control and NK cell-de-
pleted (n = 5; P < 0.001, Student’s t test).
(F-H) Transcript levels for Vegfa (F),
Vegfb (G), and Vegfc (H) were measured
in E9.5 mesometrial decidual tissue dis-
sected from control and NK cell-depleted
rats. Asterisks indicate significant differ-
ences between control and NK cell-de-
pleted (n = 5; P < 0.02 for each gene,
Mann-Whitney rank-sum test). (/) VEGFA
protein levels were measured in E9.5
mesometrial decidual tissue dissected
from control and NK cell-depleted rats by
ELISA and normalized to protein con-
centration. The asterisk indicates a sig-
nificant difference between control and
NK cell-depleted tissues (n = 10; P < 0.05,
Mann-Whitney rank-sum test). (J—~Q) NK
cells regulate oxygen tension and stabi-
lization of HIF1A at the E9.5 placentation
site. Pimonidazole-protein adduct (PIM; J
and K), cytokeratin (L and M), and HIF1A
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Control

centa (ectoplacental cone; Fig. 3E). Differences in vascular de-
velopment between control and NK cell-depleted were not
evident by E11.5 (Fig. S5), indicating that the absence of NK
cells delayed but did not prevent uterine spiral artery de-
velopment. Because uterine NK cells are potential sources of
angiogenic factors, such as vascular/endothelial growth factors
(VEGFs) (4, 9), we investigated Vegf transcript and VEGFA
protein concentrations in the mesometrial compartment, where
NK cells normally reside. Transcript levels for Vegfa, Vegfb, and
Vegfc and VEGFA protein concentrations were all significantly
lower in NK cell-depleted rats (Fig. 3 F-I). Decreases in Vegf
transcripts and VEGFA protein are consistent with poor uterine
spiral artery development.

We next investigated whether the attenuated uterine spiral
artery development impacted oxygen delivery to the placentation
site. Pimonidazole hydrochloride forms adducts with proteins in
tissues experiencing low-oxygen tensions (<10 mm of Hg). These
adducts can be detected immunohistochemically (24). NK cell
depletion at the placentation site was associated with an increase
in the accumulation of pimonidazole—protein adduct formation,
indicative of oxygen tensions below 10 mm Hg (Fig. 3 J and K).
These results were suggestive of a local hypoxia but contrary to
an earlier report that failed to observe increased pimonidazole—
protein adduct formation at the maternal-fetal interface in mice
possessing a combined genetic deficiency in NK, T, and B cells (25).

Cellular responses to low oxygen are regulated by activation
of a hypoxia signaling pathway controlled by HIFs (17). HIFs
consist of an oxygen-labile a-subunit (HIF1A) and HIF1B. Cel-
lular responses to low oxygen are associated with stabilization
of the HIF1A protein, formation of a heterodimer with HIF1B,
and modulation of gene transcription. Consequently, we assessed
HIF1A protein in NK cell-depleted and control placentation
sites on E9.5 using immunocytochemistry. NK cell depletion
resulted in stabilization of the HIF1A protein within cells of the
ectoplacental cone (Fig. 3 L-Q). These results support the idea
that NK cell depletion leads to activation of the hypoxia signaling
pathway within trophoblast cells of the ectoplacental cone.
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(N-Q) immunostaining within E9.5 placentation sites. Boxed areas in L and M are shown in N and P, and O and Q, respectively. (P and Q) DAPI counterstain.
[Scale bars, 0.25 mm (A-D, J, and K) and 0.125 mm (L-Q).]
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These experiments indicate that NK cells regulate develop-
ment of uterine spiral arteries and oxygen delivery to the de-
veloping placenta.

NK Cells, Hypoxia, and Trophoblast Lineage Decisions Within the
Placenta. Maternal hypoxia during the labile period of placental
morphogenesis activates invasive trophoblast cells, resulting in
formation of a placenta that is adept at uterine vascular modi-
fication whereas later exposure to hypoxia is entirely ineffective
(19). This implies a critical developmental window of sensitivity
to low oxygen that impacts trophoblast cell lineage decisions. In
the next series of experiments, we compared the effects of NK
cell depletion and maternal hypoxia (exposure to 8.5% oxygen
from E8.5 to E9.5) on the expression of trophoblast cell lineage
markers within ectoplacental cone tissues isolated on E9.5 (Fig.
S6). Transcripts for a series of junctional zone-specific tropho-
blast markers (Prl3dI: trophoblast giant cells; Tpbpa: junctional
zone trophoblast; Prl5al and Prl7b1: invasive trophoblast) were
significantly up-regulated, whereas a glycogen cell marker (Gjb3)
and a labyrinthine trophoblast-specific transcript (7feb) were not
affected (Fig. S6). The response was similar in NK cell-depleted
and hypoxia-exposed tissues. Tpbpa is expressed in the earliest cell
populations committed to junctional zone trophoblast lineages
and many of their descendants (26). TPBPA protein-expressing
cells in the ectoplacental cone were also up-regulated following
NK cell depletion or exposure to maternal hypoxia (Fig. S7).
The hemochorial placenta is organized into two compartments
that reflect trophoblast interactions with maternal (junctional
zone) and fetal (labyrinth zone) vascular beds (27). Trophoblast
cells connected to the maternal vasculature specialize in facili-
tating nutrient flow to the placenta. Invasive trophoblast cells
of the rat arise from the junctional zone. Trophoblast cells de-
veloping in Eroximity to the fetal vasculature promote nutrient
transfer to the fetus. We investigated the organization of E13.5
placentation sites in control and NK cell-depleted rats using
vimentin immunostaining. This technique permits effective de-
marcation of junctional (negative) and labyrinth (positive) zones.
NK cell depletion resulted in an expansion of the junctional zone

(Fig. S6). A similar placental response occurs following maternal
hypoxia exposure (19). Although the junctional zone expanded
following NK cell depletion, junctional zone- and labyrinth zone-
specific gene expression patterns were similar between controls
and NK cell-depleted (Fig. S7).

We conclude from these experiments that NK cells and hyp-
oxia modulate trophoblast cell lineage decisions and organiza-
tion of the developing rat placenta.

Hypoxia Signaling Regulates Trophoblast Cell Lineage Decisions. We
next determined whether the impact of hypoxia on the devel-
opment of junctional zone-specific trophoblast cell lineages was
a direct action on the TS cell population and whether the re-
sponse was dependent on HIF1B signaling. For these experi-
ments, we used TS cells derived from rat blastocysts (28). We
first evaluated the effects of a range of oxygen concentrations
(0.5-2%) on Tpbpa gene expression by TS cells maintained in the
stem cell state. A 24-h interval was selected because it is suffi-
cient to elicit in vivo trophoblast responses (19) (Fig. S6). An
oxygen concentration of 0.5% was a reliable activator of Tpbpa
gene expression and TPBPA protein accumulation (Fig. S8) and
was used in all subsequent experiments. HIF signaling was dis-
rupted through knockdown of HIF1B, the binding partner for
HIF1A, with specific short-hairpin RNAs (shRNAs). shRNAs
were delivered to TS cells in lentiviral vectors. Hiflb shRNAs
significantly decreased Hiflb mRNA and HIF1B protein levels,
whereas control shRNAs showed no significant disruption of
HIF1B expression (Fig. 4 4 and B).

Transcript concentrations for known hypoxia-responsive genes
(Ankrd37, Eginl, and Bhlhe40) (17,29) were increased in response
to low oxygen (Fig. 4C), as was Tpbpa (Fig. 4D and Fig. S8). In
contrast, concentrations of Pri3dl and Tfeb transcripts were sig-
nificantly decreased (Fig. 4 and Fig. S8). All low oxygen-sensitive
cellular measures were dependent upon HIF1B except for the Tfeb
response (Fig. 4 C and D). Hypoxia-mediated inhibition of gene
expression is more frequently associated with HIF independence

17). Concentrations of other trophoblast-associated transcripts
Gjb3, Pri5al, and Pri7b1) were not reproducibly affected by low
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Fig. 4. Oxygen tension, HIF1B signaling, and trophoblast cell lineage decisions. TS cells maintained under stem cell conditions were exposed to low oxygen
(Low O,, 0.5%) for 24 h in the presence of control (Cntrl) shRNA or Hif1b shRNA-1. (A) qRT-PCR for Hif1b in TS cells exposed to ambient (Amb O,) or low O,
and control shRNA or Hif1b shRNA-1. (B) Western blotting for TS cells exposed to ambient O, or low O, and control shRNA or Hif1b shRNA-1. (C) qRT-PCR for
known hypoxia-responsive genes in TS cells exposed to ambient O, or low O, and control shRNA or Hif1b shRNA-1. (D) qRT-PCR for trophoblast cell lineage
markers in TS cells exposed to ambient O, or low O, and control shRNA or Hif1b shRNA-1. All experiments were performed in triplicate and evaluated by
analysis of variance and Tukey’s test (A, Cntrl shRNA vs. Hif1b shRNA, P < 0.01; C, Cntrl shRNA + Low O, vs. other groups: Ankrd37, Egin1, *P < 0.01; Bhlhe40:
*P < 0.05; D, Cntrl shRNA + Low O vs. other groups: Tpbpa and Pri3d1, *P < 0.01, Cntrl shRNA + Low O, vs. Cntrl shRNA + Amb O,: Tfeb, **P < 0.01). (E-G)
Immunofluorescence staining for TPBPA in TS cells exposed to ambient O, or low O, and control shRNA or Hif1b shRNA-1. (Scale bars, 0.125 mm.)
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oxygen. The number of TS cells expressing TPBPA protein was
increased by exposure to low oxygen and reversed by knockdown
of HIF1B (Fig. 4 E-G and Fig. S8). Similar results were observed
with a second independent Hiflb shRNA (Hiflb-2 shRNA; Fig.
S9). Mouse TS cells exposed to low oxygen also show an up-reg-
ulation of Tpbpa gene expression (18, 30).

Oxygen tension also influenced the invasive phenotype of
TS cells. Expression of mRNA for proteins implicated in tropho-
blast invasion and trophoblast-directed spiral artery remodeling
(Cdh1, Mmp9, and Mmp12) (11, 31, 32) and trophoblast move-
ment through Matrigel was evaluated. Cdhl transcript levels were
decreased in response to low oxygen (Fig. 54), whereas Mmp9 and
MmpI?2 transcript levels were stimulated by low oxygen. Low ox-
ygen stimulated trophoblast invasion through Matrigel (Fig. 5 B-E
and Fig. S8). Each of these TS cell responses to low oxygen was
dependent on HIF1B (Fig. 5 B-E and Fig. S9).

The results indicate that trophoblast lineage decisions are
sensitive to oxygen tension. Hypoxia-exposed TS cells are di-
rected to differentiate toward a unique invasive and nongiant cell
and nonlabyrinthine trophoblast phenotype. This process is regu-
lated by HIF1B.

Discussion

The accumulation of NK cells in the uterus during pregnancy is a
well-conserved biological event (4). In this report, we investigated
the role of uterine NK cells in the rat, a species with hemochorial
placentation and deep intrauterine trophoblast invasion (5). Our
research demonstrates that NK cells act as regulators of hemo-
chorial placentation (Fig. 5SF). NK cells influence the development
of uterine spiral arteries, at least in part, through their production of
proangiogenic factors, such as VEGFs. Uterine spiral arteries de-
liver nutrients including oxygen to the developing placenta. Oxygen
tension at the placentation site influences adaptive responses,
which include trophoblast lineage decisions. Depending upon the
internal milieu, trophoblast cells are differentially allocated to the
uteroplacental vascular bed versus the placental-fetal interface,
resulting in the creation of placentas with specialized properties for
acclimation to specific environmental challenges. These experi-
mental findings provide an important physiological link between
the work of Croy and her colleagues demonstrating a role for NK
cells in uterine spiral artery remodeling (4, 8) and the efforts of
Simon and coworkers elucidating the involvement of HIF signaling
in the regulation of placentation (15, 18).

There are temporal and quantitative features associated with
the activities of NK cells and invasive trophoblast cells in uterine
spiral artery maturation. NK cells promote uterine spiral artery
growth toward the ectoplacental cone, a key event in the estab-
lishment of the hemochorial placenta, and cause at least a partial
disruption of spiral artery tunica media integrity. All NK cells are
not the same and differentially contribute to the establishment of
the maternal-fetal interface (33). In the absence of NK cells,
spiral artery extension is delayed and the tunica media initially
remains intact. These observations are consistent with an an-
giogenic/vascular remodeling role for NK cells (4, 6, 7, 9). The
actions of NK cells on uterine spiral artery and stromal cell
compartments are not a prerequisite for endovascular tropho-
blast invasion. This process is actually accelerated and more
robust in the absence of NK cells. Although NK cell and invasive
trophoblast cell populations are each sufficient to facilitate es-
tablishment of the hemochorial Flacenta, there are quantitative
differences in the extent of spiral artery remodeling achieved by
each cell population. NK cell actions on spiral arteries can be
viewed as modest, especially in comparison with the substantial
actions of endovascular invasive trophoblast cells on uterine
spiral artery structure and nutrient delivery to the placenta. The
latter actions are exaggerated in the absence of NK cells. By
promoting spiral artery development, oxygen delivery, and
establishing the hemochorial placenta, NK cells effectively delay
endovascular trophoblast invasion. Delaying trophoblast entry
into spiral arteries and the concomitant enhanced flow of ma-
ternal resources to the placenta is protective to the mother and
can be viewed as a maternal adaptive strategy.

How do NK cells communicate with the developing placenta?
Previous in vitro experimentation indicated that NK cells pro-
duce factors that directly affect the behavior of trophoblast cells,
including the invasive trophoblast lineage (4, 7, 9). Some reports
suggested that NK cell secretory products stimulate trophoblast
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Fig. 5. Oxygen tension, HIF1B signaling, and trophoblast cell invasion. TS
cells maintained under stem cell conditions were exposed to low oxygen
(Low O, 0.5%) for 24 h in the presence of control (Cntrl) or Hif1b shRNA-1.
(A) gRT-PCR analyses for genes associated with invasion (Cdh1, Mmp9,
Mmp12) in TS cells exposed to ambient O, or low O, and control shRNA or
Hif1b shRNA-1. All experiments were performed in triplicate and evaluated
by analysis of variance and Tukey's test (*P < 0.05). (B-D) Assessment of the
effects of oxygen tension and HIF1B signaling on TS cell invasion. TS cell
images: (B) control shRNA + ambient O,; (C) control shRNA + low O,; (D)
Hif1b shRNA-1 + low O,. Arrows indicate invaded cells. (E) Quantification of
TS cell invasion. Experiments were performed in triplicate and evaluated
with analysis of variance and Tukey’s test (*P < 0.05). (F) Schematic repre-
sentation of the effects of NK cells on uterine spiral artery development,
oxygen delivery to TS cells, and HIF-dependent trophoblast differentiation.

invasion, whereas others concluded the opposite action. Differ-
ences in the findings are probably related to methodological
issues, such as the origin of NK cell and trophoblast cell prepa-
rations used in the analyses and/or other procedural consid-
erations; however, they belie the most relevant mode of com-
munication between NK cells and trophoblast cells, which is the
delivery of oxygen. This view is supported by the similar placen-
tation responses observed with two distinct in vivo manipulations:
(i) NK cell depletion and (i) maternal hypoxia (19). Our results
indicate that the direct actions of NK cells on trophoblast cells
are of secondary consideration to the fundamental role of NK cells
in the development of the vasculature and oxygen delivery.
Oxygen tension is a regulator of trophoblast cell function (14—
16, 30). A number of reports have demonstrated that trophoblast
cells respond to oxygen restriction (reviewed in ref. 34). In vitro
experimentation has yielded a range of responses, some of which
are contradictory, but, again, methodological differences are the
likely cause for the discrepancies. Our in vivo findings led us to
a critical window during placental morphogenesis (E8.5-E9.5 in
the rat) that is especially sensitive to oxygen tension (19). This is
an interval where critical trophoblast lineage decisions are being
finalized. These decisions impact morphogenesis of the placenta.
Low oxygen favors TS cell and/or trophoblast precursor cell al-
location to the junctional zone, a structure that establishes the
placental interface with the uterus, including maternal vascular
connectivity. Placentation sites are constructed to meet proximal
challenges presented during the critical phase of their develop-
ment, with the expectation that these challenges will continue
throughout pregnancy and into postnatal extrauterine life.
Problems and potentially disease arise when adaptations are
ineffective and/or mismatches occur with the original environ-
mental challenge directing placentation and subsequent prenatal
and postnatal exposures. These postulates are consistent with
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central roles for the placenta in fetal programming and the de-
velopment of adult health and disease (35).

In vivo placental adaptive responses can be simulated in vitro
and include oxygen-sensitive lineage decisions. TS cell lineage
responses are dependent upon HIF1B signaling pathways. HIF1B
can interact with oxygen-sensitive HIF1A or HIF2A subunits or
alternatively with other members of the bHLH-PAS family (17).
The HIF1A-HIF1B heterodimer is a transcription factor com-
plex controlling expression of genes that are vital to cell survival
under conditions of oxygen deprivation §17). HIF1B binding
partners and transcriptional targets in TS cells are unknown.
Presumably, HIF1B is participating in transcriptional regulation
of genes required for metabolic adaptations and also those con-
trolling lineage decisions. The latter are keys to understanding how
the invasive trophoblast cell lineage develops and {)otentially gain-
ing insights about disorders that adversely affect placentation.

In conclusion, hypoxia-activated trophoblast invasion/uterine
spiral artery remodeling is an adaptive response regulated by NK
cells that ensures appropriate placentation and protects pregnancy.

Materials and Methods

Animals and Tissue Collection. All rat strains used in the experimentation were
acquired and maintained and timed pregnancies established as described
(5, 13, 27). Sperm in the vaginal lavage was defined as E0.5. Intraperitoneal
injections of anti-asialo GM1 (0.5 mL per injection; Wako Chemicals) were
used to deplete NK cells (22, 23). Control pregnant rats received the same
volume of normal rabbit serum. Some pregnant rats were placed in an ox-
ygen-regulated chamber (BioSpherix) from E8.5 to E9.5. Oxygen tensions at
placentation sites were estimated by pimonidazole-protein adduct forma-
tion (24) using the Hypoxyprobe-1 Kit (HPI). Placentation site dissections
were performed as described (27). The University of Kansas Animal Care and
Use Committee approved protocols for the care and use of animals.

Flow Cytometry. Dissociated splenocytes were subjected to density-gradient
centrifugation with Ficoll Hypaque solution (GE Healthcare). Enriched lymphocyte
preparations (1 x 108) were labeled with phycoerythrin-conjugated mouse anti-
CD161 (BD Pharmingen) and fluorescein (FITC)-conjugated mouse anti-CD3 (BD
Pharmingen), and analyzed by flow cytometry with a BD LSRII (BD Biosciences).
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Morphological Analyses. Immunocytochemical analyses were used to detect
trophoblast cells (pan-cytokeratin), NK cells (PRF1 and ANK61), endothelial cells
(PECAM1), smooth muscle cells (ACTA2), and regions of the placentation site
(vimentin) (13, 19). NK cells were also detected by in situ AP-PLP-A binding (36).
Junctional zone trophoblast lineages were identified by TPBPA immunocyto-
chemistry. HIF1A protein stabilization was monitored with an HIF1A antibody
(BD Biosciences). Oxygen tension within placentation sites was estimated by
detection of pimonidazole-protein adducts with the 4.3.11.3 mouse mono-
clonal antibody (HPI). Pri7b1 transcripts were localized at placentation sites
using nonradioactive in situ hybridization (5, 13). Measurements of the depth
of trophoblast invasion, the sizes of placental compartments, and blood vessel
and uterine mesometrial compartment cross-sectional areas were performed
with National Institutes of Health ImageJ software (13, 19).

Western Blot Analysis and ELISA. HIF1B and beta actin (ACTB) levels were
evaluated by Western blotting with antibodies to HIF1B (BD Pharmingen)
and ACTB (Sigma-Aldrich). VEGFA was measured by ELISA (RayBiotech).

Rat TS Cells. Blastocyst-derived rat TS cells were used to evaluate the effects of
low oxygen on trophoblast lineage decisions (28). TS cells maintained in the
stem cell state were exposed to low oxygen using a NAPCO Series 8000W)J
incubator (Thermo Scientific). Invasiveness was determined by cell migration
through Matrigel (32).

gqRT-PCR, shRNA Constructs, and Production of Lentivirus. Transcript levels
were estimated by gRT-PCR (28). Primer sequences can be found in Table S1.
Hif1b shRNA constructs in the pLKO.1 vector were used to disrupt HIF sig-
naling. Control and Hif1b shRNA sequences are provided in Table S2. Len-
tiviral particles were produced as reported (37).
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