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Vascular Endothelial Growth Factor C Facilitates Immune
Tolerance and Endovascular Activity of Human Uterine NK
Cells at the Maternal-Fetal Interface’

Satyan S. Kalkunte,* Teddy F. Mselle,” Wendy E. Norris,* Charles R. Wira,*
Charles L. Sentman,” and Surendra Sharma®*

Although replete with cytotoxic machinery, uterine NK (uNK) cells remain tolerant at the maternal-fetal interface. The mecha-
nisms that facilitate the uNK cell tolerance are largely unknown. In this study, we demonstrate that vascular endothelial growth
factor (VEGF) C, a proangiogenic factor produced by uNK cells, is responsible for their noncytotoxic activity. VEGF C-producing
uNK cells support endovascular processes as demonstrated in a three-dimensional coculture model of capillary tube formation on
Matrigel. Peripheral blood NK cells fail to produce VEGF C and remain cytotoxic. This response can be reversed by exogenous
VEGF C. We show that cytoprotection by VEGF C can be related to induction of the TAP-1 expression and MHC class I assembly
in target cells. Small interfering RNA-mediated silencing of TAP-1 expression abolished the VEGF C-imparted protection. Over-
all, these results demonstrate that empowerment of uNK cells with angiogenic factors keeps them noncytotoxic. This phenotype

is critical to their pregnancy-compatible immunovascular role during placentation and fetal development. The Journal of Im-

munology, 2009, 182: 4085-4092.

aternal immune tolerance of the semiallograft fetus is
M a subject of intense debate. Although the decidualized

uterus is replete with immune cells, fetal development
ensues unhindered and results in normal term delivery. An impor-
tant aspect of successful pregnancy outcome is that they invoke
immune tolerance and de novo angiogenesis, two highly intrigu-
ing, indispensable, and well-choreographed processes (1-3). These
processes are central to optimal placentation and involve interac-
tions between immune cells, endothelial cells, and invading tro-
phoblasts. With respect to immune cells, T cell-mediated rejection
of the fetus has been shown in mice, but not in humans (4). More-
over, uterine T cells or macrophages may not promote immuno-
vascular cross-talk with the invading trophoblast lacking expres-
sion of HLA (HLA-A, HLA-B, or HLA-D) Ags (1, 5). Thus, it is
reasonable to propose that the predominant immune tolerance
cross-talk is between uterine NK (uNK)? cells and the trophoblast.
Interestingly, uNK cells have been uniquely detected in the prox-
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imity of endothelial cells and invading trophoblasts associated
with spiral arteries undergoing physiological transformation (6, 7).

How uNK cells induce tolerance to the fetal tissue is an impor-
tant unresolved question, with implications for our understanding
of the role of not only uNK cells but peripheral blood NK (pNK)
cells in adverse pregnancy outcomes, tumor surveillance, and au-
toimmunity and immunity against infections. In humans, unlike
peripheral blood NK cells of the cytotoxic CD56“™CD16™ phe-
notype, the pregnant uterus (decidua) is populated with specialized
uNK cells that are of the noncytotoxic CD56™#"CD16~ pheno-
type (8—10). These cells are present in the endometrium during the
secretory phase of the menstrual cycle and reach peak numbers
(60—70%) during first trimester of pregnancy. Thereafter, their
numbers decline rapidly (11-13). Although the physiological role
of uNK cells remains poorly understood, several groundbreaking
observations and views have implicated these cells in decidualiza-
tion, invasion of the trophoblast, and production of angiogenic
factors and chemokines (14-18). Indeed, vascular endothelial
growth factor (VEGF) mRNA and protein have previously been
shown to be expressed in NK cells from endometrium and decidua
(19, 20). Major mechanistic findings on uNK cells have come from
animal studies suggesting their role in spiral artery remodeling.
NK cell-deficient mice display abnormalities in decidual artery
remodeling and trophoblast invasion, possibly due to lack of uNK
cell-derived IFN-y (3, 14). In humans, lack of “physiological
transformation” of decidual spiral arteries is thought to be associ-
ated with preeclampsia, preterm birth, and intrauterine growth re-
striction (7, 21, 22). In this regard, evidence has been presented for
defective interactions between uNK cells and the invading tropho-
blast in a cohort of preeclampsia patients (7, 23).

Despite their pregnancy-compatible role, uNK cells at the ma-
ternal-fetal interface harbor a repertoire of natural cytotoxicity re-
ceptors (NCRs), cytolytic granules, and activating and inhibitory
killer IgG receptors (16, 24-26). This suggests that these innate
cells retain their primordial role as sentinels with an ability to
attack target cells in response to “danger signals” in their proxi-
mate milieu. Indeed, recent studies from our laboratory and others
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have shown that uNK cells “switch on” their cytolytic machinery,
leading to fetal resorption or preterm birth in mice exposed to LPS
(27, 28) or dsRNA (29). In addition, increased cytolytic CD16™
NK cells have been reported in the endometrium of patients with
a history of recurrent spontaneous abortion and implantation fail-
ure (30-32). Other studies have shown that uNK cells cultured in
vitro can be readily activated with IL-2 to lyse target cells, includ-
ing trophoblasts (33, 34). Thus, the mechanisms that facilitate
pregnancy-compatible, noncytotoxic characteristics of uNK cells
need to be delineated. We hypothesize that the signature angio-
genic machinery of uNK cells is responsible for their noncytotoxic
behavior during normal pregnancy. We show that the noncytotoxic
phenotype of uNK cells is accomplished through uNK cell-pro-
duced VEGF C, not VEGF A, which enhances resistance to lysis
of trophoblasts and endothelial cells through induction of the
TAP-1 protein. TAP-1 is associated with transport of processed
peptides to the endoplasmic reticulum to ascertain functional MHC
class I assembly (35).

Materials and Methods

Human subjects

All human studies were done with the approval of the Institutional Review
Board of Dartmouth Medical School (Hanover, NH) and Women and In-
fants Hospital (Providence, RI). Informed consent was obtained from all
tissue donors.

Isolation of primary pNK cells

Mononuclear cells from blood were collected from nonpregnant healthy
women 35 * 5 years of age separated from heparinized blood samples by
Ficoll gradient centrifugation as previously described (36). NK cells were
further purified using a human NK cell isolation kit (Miltenyi Biotec) based
on depletion of non-NK cells (negative selection) as per the manufacturer’s
instructions.

Isolation of decidual NK (dNK) cells

First-trimester decidua were obtained from pregnant women who under-
went first-trimester elective termination. All subjects were between 7 and
11 wk of gestation. Gestational age was calculated based on last menstrual
period or ultrasound at the time of procedure. Decidual tissue (~6 g) was
processed for NK cell isolation immediately after extraction as previously
described (36). The cells were suspended in RPMI 1640 supplemented with
10% FCS and antibiotics and adjusted to a concentration of 1 X 10° cells/
ml. dNK cells were further separated using a human NK cell isolation kit
(Miltenyi Biotec) as described above. Cell viability was confirmed to be
>90% by trypan blue staining. The yield of dNK cells was ~400,000
cells/g of decidual tissue. The purity of the preparation (>95%) was con-
firmed by FACS by gating on forward scatter and side scatter dot plots of
CD45™" cells to exclude noncellular debris (36).

Generation of uNK cell clones

CD56#"CD3~ uNK cells were isolated from endometrial tissue speci-
mens obtained from women undergoing hysterectomies as previously de-
scribed (37). We usually received/digested 1 g of tissue after dissecting the
muscular tissue out. After processing and magnetic selection, we obtained
~500,000 uNK cells/g of tissue. Tissue samples used were distal to any
pathological changes. To generate uNK cell clones, enriched NK cells were
cultured in 500 U/ml IL-2 for 2-3 days to allow cell expansion in complete
medium (RPMI 1640 supplemented with 2-ME (50 uM), penicillin (100
U/ml), streptomycin (100 wg/ml), sodium pyruvate (I mM), nonessential
amino acids (0.1 mM), and 5% human serum). After 2-3 days in culture,
uNK cells were cloned using a limiting dilution method as previously de-
scribed (36). Actively growing cells from wells were analyzed to confirm
their NK cell phenotype (CD56"CD3 ), and these uNK clones were ex-
panded and maintained in complete medium containing 500 U/ml IL-2 and
5 U/ml IL-15 for the remainder of their culture. It is important to note that
uNK cells were made free of cytokines by washing them three times with
PBS before their use in tube formation and cytotoxicity assays.

Trophoblast cells and endothelial cells

Immortalized first-trimester trophoblast cell line HTR8 with properties of
invasive extravillous cytotrophoblasts was established and provided by Dr.
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C. Graham (38). HTRS cells were grown to ~80% confluence in RPMI
1640 standard growth medium and used only during eight passages.
HUVEC and human uterine endothelial cells (HUtEC) were obtained from
Cambrex and cultured in EBM-2 medium (Cambrex). All cells were main-
tained in standard culture conditions of 5% CO, at 37°C. It is important to
note that cells were thoroughly washed free of growth medium before their
use in tube formation and cytotoxicity assays.

In vitro three-dimensional tube formation assay

We have recently established a three-dimensional dual culture system to
study endovascular activity involving trophoblasts and endothelial cells
(39). This method has been now modified to examine the role of uNK cells
in angiogenic processes. Briefly, growth factor-reduced Matrigel (BD Bio-
sciences) was thawed overnight at 4°C and mixed to homogeneity. Culture
plates (48-well) were coated with 0.1 ml of Matrigel and allowed to gela-
tinize at 37°C for 30 min. Trophoblasts or endothelial cells (2.5 X 10%
were labeled with cell tracker green CMFDA or cell tracker red CMTMR
(Molecular Probes) respectively, in serum-free medium for 1 h. Cells were
washed, trypsinized, and mixed with pNK or uNK cells (1:1:1) on Matri-
gel-coated plates in serum-free medium. The tube assay was initiated using
10% v/v normal pregnancy serum (NPS; 35- to 40-wk gestation). NPS is
used for mimicking pregnancy-related physiological milieu. The sponta-
neous interaction and endothelial cell-directed tube formation by tropho-
blasts was monitored and recorded 12—14 h after incubation under standard
culture conditions using florescence microscopy (Nikon Eclipse TS 100
coupled with a charge-coupled device camera). The average number of
tubes/vacuoles formed was quantified by counting the number of tube-like
structures formed by the connected capillary bridge in four different fields
(X4 magnification) by two independent investigators (39). Based on the
ability of NK cells to either maintain or disrupt the tube formation in this
three-dimensional coculture model,, clones are henceforth termed as “non-
disruptive” and “disruptive,” respectively.

Calcein-AM retention assay for cytotoxicity measurement

We determined the cytotoxic ability of uNK cells and pNK cells on target
endothelial (HUVEC, HUtEC) or trophoblast (HTRS) cells using a cal-
cein-AM retention assay (40). Briefly, adherent confluent target cells
(HUVEC, HUtEC, or HTRS; 2 X 10%) were plated in a 96-well plate and
labeled with 8 uM calcein-AM (Molecular Probes) in serum- and phenol
red-free RPMI 1640 medium (Life Technologies) for 40 min at 37°C.
Based on pilot experiments, effector cells (pNK or uNK cells) were added
at a 25:1 ratio to calcein-AM-labeled target cells in quadruplicate. Maximal
lysis was determined by solubilizing target cells in lysis buffer (0.1% Tri-
ton X-100 in PBS, pH 9.0). After the indicated time (2-3 h) of incubation
at 37°C, the assays were terminated by washing the plates twice and the
remaining fluorescence was read using a 96-well fluorescence plate reader
(SpectraMax Gemini EM; Molecular Devices) with excitation and emis-
sion at 485 and 538 nm, respectively. Percent specific cytotoxicity was
calculated as described elsewhere (40). To monitor the cytoprotective ac-
tivity of VEGF C or VEGF A, the target cells were preincubated for 14 h
with growth factors (100 ng/ml) and subjected to a cytotoxicity assay. The
dose chosen was determined based on pilot experiments that were con-
ducted to rescue three-dimensional tube formation between trophoblasts
and endothelial cells.

Quantification of uNK cell-secreted factors

We cultured 1 X 10° uNK cell clones (7 = 22) and pNK cells (n = 5)
individually for 48 h in RPMI 1640 medium containing 500 U/ml IL-2 and
5 U/ml IL-15. Measurement of the concentrations of VEGF A, VEGF C,
placenta growth factor (PIGF), IFN-vy, and TNF-« in supernatants was
completed in triplicate using respective ELISA kits (Quantikine Kits; R&D
Systems) according to the manufacturer’s instructions.

Flow cytometry

We evaluated the surface expression by FACS analysis using fluoro-
chrome-conjugated mAb. Cells were harvested and incubated in the dark at
4°C for 30 min with Abs. The Abs used were anti-class I HLA (clone
W6/32; Abcam), anti-HLA E (MEM-E/08; Abcam), anti-HLA G (MEM-
G/9; Abcam), anti-human CD16 (clone 3GS8), anti-human CD56, CD45,
CD3, NKP46 (BD Biosciences/BD Pharmingen), NKp30, NKp44,
NKG2D (BioLegend), VEGF R1 (49560), VEGF R2 (89106), and VEGF
R3 (54733) (R&D Systems). For HLA-E staining we used the anti-human
HLA-E (MEM-E/08) as primary Ab, followed by FITC-labeled goat anti-
mouse secondary Ab. TAP-1 expression in response to VEGF C (100 ng/
ml), IFN-y (100 ng/ml), VEGF A (100 ng/ml), PIGF (100 ng/ml), or the
combination of VEGF C and IFN-vy (100 ng/ml each) was conducted by



The Journal of Immunology

FIGURE 1. Effect of uNK cell clones and VEGF C
on tube formation between endothelial cell and tropho-
blasts. HUVEC (EC, labeled red) and first-trimester ex-
travillous trophoblasts (HTRS, labeled green) were cul-
tured overnight on Matrigel in the presence or absence
of primary pNK cells, dNK cells, or uNK cell clones
(unlabeled). The capillary tube formation was recorded
as described in Materials and Methods. A and B show

4087

tube formation with HUVEC or HTRS cells alone, re- J 50
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uNK cell clone (n = 18), and (G) a nondisruptive uNK X E 20
cell clone (n = 4; original magnification, X4). Exoge- g 2
nous addition of VEGF C (100 ng/ml; H) but not VEGF g~ 10
A (100 ng/ml; /) rescued the EC-directed tube formation 0
by HTRS cells in the presence of disruptive uNK clones.
J, Average number of tubes/vacuoles formed was quan-
tified in four different fields (original magnification,
X4). The numbers (bars, = SD) are the average of mul-
tiple experiments in triplicate assessed by two indepen- K
dent investigators. K, Average levels of VEGF A, VEGF =1600
C, and IFN-y secreted by disruptive uNK, pNK, and E
nondisruptive uNK cell clones are shown. Values are gwon
mean * SD of all of the samples. *x, p < 0.05 (Stu- 5
dent’s 7 test). E 800
§ 400
c
3 0 : [ )
VEGF A VEGFC IFN-y

O Disruptive uNK @ Non-disruptive uNK 0 pNK

intracellular staining using specific Ab (clone TAP1.28; MBL Laboratory)
after fixing and permeabilizing the cells as recommended by the manufac-
turer. Negative controls were performed for each cell type by incubating
the cells with isotype-matched Abs. The stained cells were acquired
(10,000 cells) and analyzed by FACSCalibur (BD Biosciences).

Small interfering RNA (siRNA)-mediated silencing of TAP-1 in
trophoblasts

We transfected HTR8 trophoblast cells in a 6-well plate with control
siRNA (scrambled) or siRNA against TAP-1 (Santa Cruz Biotechnology)
using Lipofectamine 2000 (Invitrogen) for 12 h in OptiMEM I-reduced
serum medium (Invitrogen). After the transfection period, the cells were
allowed to recover in complete RPMI 1640 medium for another 12 h. Cells
were then harvested for FACS analysis and immunoblotting or used as
targets for cytotoxicity assay.

Western blotting

We determined the protein expression of TAP-1 in HTR8 trophoblast cells
treated with recombinant human IFN-vy (100 ng/ml), VEGF C (100 ng/ml;
R&D Systems), or the combination of both for 24 h. The cell lysates were
prepared in lysis buffer (10 mM Tris-HCI (pH 7.6), 50 mM NaCl, 5 mM
EDTA, 50 mM NaF, 0.1 mM sodium orthovanadate, 30 mM sodium py-
rophosphate, 1% Triton X-100, 10 wg/ml leupeptin, and 10 ug/ml aproti-
nin) on ice for 30 min. The cell lysates were separated on 12% SDS-
polyacrylamide gels and blotted onto polyvinylidene difluoride membranes
and probed with anti-TAP-1 Ab (clone TAP1.28; MBL Laboratory) (1/200
dilution) in 1% BSA in PBST. Actin was probed using anti-actin Abs
(Chemicon International) and used as an internal loading control. The
bands were visualized using HRP-conjugated secondary Abs followed by
ECL (Amersham Biosciences). The protein bands were recorded using a
Konica SRX 101A developer (Konica Minolta Medical Imaging).

Statistical analysis

All values are expressed as arithmetic mean of the number from tripli-
cates = SEM. Significance was determined by a two-tailed Student’s ¢ test.
Values of p < 0.05 were considered statistically significant.

Results
VEGF C-producing uNK cells facilitate endovascular processes

Recent observations have suggested that human dNK cells che-
moattract trophoblasts and regulate their invasion and participation
in vascular remodeling (16). A central question that still remains to
be addressed is what factors regulate the immune and vascular
activities of noncytotoxic uNK cells. To address this, we have
taken advantage of primary uNK and pNK cells and short-term
cultured clones of these cells to assess their ability to influence
vascular remodeling. NK cell clones from peripheral blood or en-
dometrial tissue were established and propagated as described in
Materials and Methods. We used a coculture model of vascular
remodeling that involves trophoblast-endothelial cell-NK cell in-
teractions on Matrigel and mimics trophoblast invasion of the spi-
ral arteries during pregnancy (39). Using this approach, we dem-
onstrate that in the absence of NK cells, the endothelial HUVEC
inherently formed tube-like structures in response to NPS (Fig.
1A). However, HTRS cells representing first-trimester extravillous
trophoblasts did not exhibit tube formation under identical condi-
tions (Fig. 1B), but footprinted the endothelial cell-guided capil-
lary-like tube structures (Fig. 1C). Primary pNK cells disrupted the
interaction (tube structure formation) between HTRS cells and
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FIGURE 2. Characterization of uNK and pNK cells.
Representative FACS analysis is shown for the expres-
sion of CD56 and CD16 Ags in (A) uNK cell clone and
PNK cell clone with CD56%™ and CD56"" character-
istics (B). C, Presents phenotypic characterization of
NCRs in pNK cell clones, uNK cell clones, and primary
pNK cells. D, A representative phenotypic profile of
VEGEF receptors in pNK and uNK cell clones as com-
pared with HTRS trophoblast cells. One representative
data set is shown of four different experiments. D

Events

HUVEC (Fig. 1D). In contrast, dNK cells were nondisruptive and
supported formation of definitive tube structures (Fig. 1E). NK
cells are not seen in these panels because they were not marked
with a cell tracker.

To further delineate the mechanism(s) for differences between
pNK and uNK cells, we used NK cell clones maintained in the
presence of low doses of IL-2. uNK and pNK cell clones were
established from four different individuals and further character-
ized as described in Materials and Methods. We tested a total of 22
uNK cell clones, 18 of which mimicked primary pNK cells with
the tube disruption phenotype (data with a representative clone are
shown in Fig. 1F), whereas four clones were nondisruptive similar
to dNK cells (data with a representative clone are shown in Fig.
1G). A total of five pNK cell clones was also tested (data not
shown) and the observations were similar to their primary coun-
terparts (Fig. 1D). The average numbers of tubes/vacuoles formed
from multiple experiments in the presence or absence of disruptive
or nondisruptive uNK clones were quantified as described in Ma-
terials and Methods and are presented in Fig. 1J.

Next, we examined production of growth factors (VEGF A,
VEGF C, PIGF) and cytokines (IFN-vy, TNF-a) secreted by dis-
ruptive and nondisruptive uNK cell clones and compared them
with pNK cell clones. For simplicity, data are shown only for
VEGF A, VEGF C, and IFN-vy since PIGF and TNF-a were
minimally produced as detected by ELISA (Fig. 1K). Although
ulNK cell clones produced variable amounts of VEGF A and
VEGF C, a striking observation was that nondisruptive uNK
cell clones produced 3- to 4-fold higher levels of VEGF C com-
pared with disruptive uNK or pNK clones. VEGF C mRNA and
protein have previously been shown to be expressed in NK cells
from endometrium and decidua (19, 20); however, its immuno-
regulatory role has not been described. On the other hand, no
VEGF C mRNA was detected in the human placenta (41), sug-
gesting a unique role of uNK cell-produced VEGF C at the
maternal-fetal interface. This prompted us to evaluate exoge-
nous VEGF C and VEGF A for their ability to rescue tube
formation in the presence of disruptive uNK cell clones. Inter-
estingly, VEGF C (Fig. 1H), not VEGF A (Fig. 11), was par-
tially able to rescue tube formation even in the presence of
disruptive uNK cell clones. Quantification of VEGF C-medi-
ated rescue of formation of tube structures is shown in Fig. 1J.
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Disruptive and nondisruptive uNK clones do not differ in their
phenotypic features

Cytolytic functions are generally associated with CD56""™CD16™
NK cells (8). To rule out disparate behavior of uNK cell clones due
to heterogeneity in phenotypic characteristics, we performed
FACS analysis for the surface expression of CD16 and CD56 on
all uNK cell clones and compared them with pNK cell clones.
CD56 expression on uNK and pNK cell clones was found to be
bright and dim, respectively (Fig. 2B), in agreement with published
observations (37). All of the uNK cell clones (n = 22) used in the
study were found predominantly to be CDI16 null (CD56™
CD167), whereas pNK cell clones (n = 5) were mostly CD56™"
CD16" (Fig. 2A). In both groups, NK cells were CD45" and
CD3™ (data not shown). Since the expression of NCRs is a dis-
tinguishing feature of NK cells, we monitored the surface expres-
sion of NKp30, NKp44, NKp46, and NKG2D. uNK cell clones not
only expressed all NCRs irrespective of their ability to disrupt or
support tube formation, but the intensity of their surface expression
was significantly higher compared with pNK cell clones (Fig. 2C).
In addition, freshly isolated pNK cells lacked expression of
NKp44. Thus, it is possible that NKp44 expression is regulated by
activation stimuli. Since addition of VEGF C-producing uNK cells
or exogenous VEGF C was able to restore capillary tube formation
(Fig. 1H), we evaluated the expression of VEGF receptors R1, R2,
and R3 on uNK cells. As shown in Fig. 2D, none of the VEGF
receptors were expressed on either pNK cells or uNK cell clones.
It is thus possible that VEGFs secreted by uNK cells may not have
a direct effect on producer cells but may act in a paracrine manner
on target cells expressing VEGF receptors like HTRS8 trophoblast
cells (Fig. 2D) and vascular endothelial cells (39).

VEGF C rescues target cells from NK cell-mediated cytotoxicity

Disruption of tube formation by uNK cell clones could result from
the cytolytic activity of these cells. This prompted us to assess the
cytolytic activity of uNK cell clones. Using the calcein-AM reten-
tion assay (40), we evaluated the cytotoxic effects of uNK and
pNK cell clones on HUVEC, HUtEC, and HTRS cells. Although
nonpregnant endometrium does not contain trophoblasts, the use of
extravillous HTR8 cells is justified because the same endometrial
NK cells are further amplified in the decidua where they encounter
invading trophoblasts. Furthermore, since the addition of VEGF C
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was able to restore tube formation (Fig. 1H), we investigated
whether VEGF C or VEGF A would be able to rescue target cells
from NK cell-mediated killing. To establish a suitable E:T cell
ratio, we performed the assay using a wide range of E:T ratios
involving a disruptive NK cell clone and target HUVEC or HTRS8
cells (Fig. 3A). Based on these data, we used a 25:1 E:T ratio for
all subsequent experiments involving all disruptive uNK cell
clones (n = 18) and pNK cell clones (n = 5). Fig. 3, B—G, shows
data for representative uNK or pNK cell clones. Disruptive uNK
cell clones demonstrated robust cytolytic activity toward all target
cells, HUVEC (Fig. 3B), HUtEC (Fig. 3C), or HTRS (Fig. 3D),
albeit at varying levels. Similarly, pNK cells were able to robustly
lyse HUVEC (Fig. 3E) and, to a lesser extent, HTR8 cells (Fig.
3F). Importantly, preincubation of target cells overnight with
VEGF C (Fig. 3, B-F) but not VEGF A (Fig. 3G) inhibited NK
cell-mediated lysis.
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Cytoprotection by VEGF C is mediated by up-regulation of
TAP-1

Since both cytotoxic and noncytotoxic uNK cell clones express a
similar profile of cytotoxic machinery (Fig. 2C), it is plausible that
VEGF C modifies target cells to escape NK cell-mediated killing.
In this regard, induction of TAP-1 expression has been shown to be
associated with cytoprotection of microvascular endothelial cells
from activated NK cells (40, 42). We found that VEGF C up-
regulated the expression of TAP-1 in HTRS cells and HUVEC
cells as confirmed by FACS analysis (Fig. 4, A and B) and by
Western blotting (Fig. 5B). This induction of TAP-1 was found to
be synergistic with IFN-y on HTRS cells (Figs. 4A and 5B). Quan-
tification of the percent TAP-1 positive HTR8 or HUVEC in re-
sponse to VEGF C, VEGF A, PIGF, and IFN-v by flow cytometry
is presented in Fig. 4B. Both VEGF C and IFN-vy induced TAP-1

FIGURE 4. VEGF C induces TAP-1
expression. A, Intracellular staining and
FACS analysis of TAP-1 expression
(solid red) in HTRS cells in response to
IFN-v (100 ng/ml), VEGF C (100 ng/ml),
or VEGF C + IFN-vy (100 ng/ml each) as
compared with untreated (green line) and
isotype control (black line). One represen-
tative experiment is shown of three per-
formed. B, Represents the percentage of
TAP-1 expressing endothelial (teal bars)
and HTRS cells (tan bars) in response to
different treatments. Values are mean *
SD of three experiments. Note that VEGF
C but not VEGF A or PIGF were able to
significantly increase the expression of
TAP-1.
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FIGURE 5. Silencing TAP-1 abrogates VEGF C-induced cytoprotec-
tion in HTRS trophoblasts. A, A representative histogram of TAP-1 knock-
down by siRNA as compared with scrambled siRNA, VEGF C-treated and
untreated HTRS cells. B, A representative Western blot analysis indicating
TAP-1 induction in response to VEGF C, IFN-v, or their combination.
TAP-1 induction is abrogated in TAP-1 siRNA-treated HTRS cells in re-
sponse to VEGF C, IFN-v, or a combination of both. C, Cytotoxicity of a
representative pNK cell clone on TAP-1 siRNA-treated HTRS cells (tan
bars) as compared with TAP-1- expressing HTRS cells (teal bars) in the
presence or absence of VEGF C or VEGF C plus IFN-vy. Values are
mean * SD of triplicate reactions. *#*, p < 0.05 (Student’s # test) as com-
pared with the respective HTRS treatment group. One representative data
set is shown of three experiments performed.

expression in HUVEC and HTRS, although IFN-vy was found to be
more potent in HUVEC. On the other hand, IFN-vy elicited less
activity in trophoblast HTRS8 cells (Figs. 4A and 5B). Importantly,
VEGF A and PIGF failed to induce any significant amount of
TAP-1 in either cell type (Fig. 4B).

siRNA-mediated knockdown of TAP-1 expression reverses
cytotoxicity of uNK cells

To further confirm the role of TAP-1 in the VEGF C-induced
noncytotoxicity profile of uNK cells, we used gene-specific siRNA
to knockdown TAP-1 expression in HTRS cells induced by IFN-y,
VEGF C, or a combination of both. As demonstrated by FACS
analysis (Fig. 5A) and Western blotting (Fig. 5B), siRNA treatment
of cells significantly blocked induction of TAP-1 by VEGF C,
IFN-v, or a combination of both. Next, we tested whether siRNA-
mediated inhibition of TAP-1 expression would reverse the pro-
tection profile of target cells. siRNA treatment abolished the pro-
tection imparted by VEGF C or VEGF C plus IFN-y in HTRS cells
against NK cell-mediated lysis as indicated by the calcein-AM
cytotoxicity assay (Fig. 5C). This clearly confirms both the mech-
anistic and functional importance of VEGF C in priming targets
that otherwise would be susceptible to killing by cytotoxic NK
cells.

Induction of TAP-1 by VEGF C leads to an increase in MHC
class I presentation on target cells

Activation or inhibition of the cytolytic machinery in NK cells is
determined by the extent of the MHC class I complex on target
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FIGURE 6. VEGF C induces HLA-E expression. A, Representative his-
tograms for the surface expression of HLA-E in HUVEC and HTRS in
response to VEGF C and VEGF A. B, Representative histograms of MHC
class I expression in HUVEC and HTRS cells in response to VEGF C or
VEGF A treatments. One representative data is shown of three experiments
performed.

cells. Because we observed up-regulated TAP-1 expression in
HUVEC and HTRS cells in response to VEGF C, we propose that
TAP-1 induction results in greater amounts of MHC class I on
treated cells. In this regard, we analyzed HLA-E expression which
engages the CD94-NKG2A inhibitory or CD94-NKG2C-activat-
ing receptors on NK cells (43, 44). Basal expression of HLA-E
was low in both HUVEC and HTRS cells. Interestingly, VEGF C
but not VEGF A induced HLA-E expression on HUVEC and
HTRS8 trophoblast cells (Fig. 6A), which was consistent with
TAP-1 induction (Fig. 4B). Next, we evaluated the surface expres-
sion of MHC class I molecules using a pan-class I Ab on HUVEC
and HTRS cells (Fig. 6B). Both cell types exhibited significant
MHC class I expression in response to VEGF C but not VEGF A
(Fig. 6B). Because trophoblasts are not known to express classical
MHC class I molecules, the observed expression with pan-Ab pos-
sibly reflects binding to induced HLA-C or HLA-G. Thus, VEGF
C-induced TAP-1 expression and MHC class I assembly in tro-
phoblasts and endothelial cells could facilitate survival by provid-
ing inhibitory signals to uNK cells.

Discussion

Host defense, self-tolerance, and tissue transplantation are major
health issues that invoke both innate and adaptive immune re-
sponses. However, the immune defense mechanisms of the fetus
have challenged the concepts embedded in the traditionally defined
pathways of immunity. This is further complicated by the “immu-
nologically tolerant” phenotype of the predominant NK cell pop-
ulation in the pregnant uterus and its perceived role in placenta-
tion-associated endovascular activity (16, 26). In this study, we
describe novel mechanisms by which uNK cells maintain the non-
cytotoxic and proangiogenesis status.

Our results provide evidence for a central link between produc-
tion of VEGF C, a proangiogenic factor, by uNK cells and their
noncytotoxic phenotype. Using primary human peripheral blood or
endometrial NK cells and a panel of clones derived from primary
cells, we demonstrated that VEGF C production is a hallmark
property of noncytotoxic uNK cells. We further demonstrated that
VEGEF C, not VEGF A or PIGF, can protect target endothelial and
trophoblast cells from killing by cytotoxic pNK cells. Lack of kill-
ing is directly associated with VEGF C-mediated induction of
TAP-1 in target cells, a key molecule in the process of MHC class
I assembly. This is directly demonstrated by siRNA-mediated
knockdown of VEGF C-mediated TAP-1 expression which results
in reversal of noncytotoxic characteristics of uNK cells.
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Using a three-dimensional culture system on Matrigel to eval-
uate the endovascular activity of uNK cells, we demonstrate that
there are differences in the ability of activated uNK cell clones to
facilitate or disrupt the endothelial-trophoblast dual cell interac-
tions mimicking vascular remodeling. Although CD56™¢"CD16~
ulNK cell clones consistently expressed NCRs, they differed in
their cytotoxic profile. This is not surprising because uNK cell
clones were propagated in vitro in the presence of activating stim-
uli. In vivo, most uNK cells are likely to be of the noncytotoxic
phenotype. Despite in vitro conditions, several uNK cell clones
maintained their noncytotoxic phenotype. In these clones, the non-
cytotoxic phenotype correlated with the production of high
amounts of VEGF C. Importantly, exogenous VEGF C could res-
cue trophoblasts and endothelial cells from traditionally cytotoxic
NK cells. Dysregulation in VEGF C production at the maternal-
fetal interface could be a signal for poor angiogenesis and preg-
nancy complications. Reduced expression of VEGF C has been
reported in pregnancies experiencing intrauterine growth restric-
tion and preeclampsia (45). Involvement of VEGF C may thus
explain the non-killer phenotype of uNK cells despite possessing
toxic granules and expressing cytotoxicity receptors.

Since our results show that uNK cells do not express receptors
for VEGFs, it is tempting to argue that angiogenic factors are
produced for a paracrine action on uterine endothelial cells and
invading trophoblasts. Our results point to this activity of uNK
cell-derived VEGF C. VEGF C acts by binding to VEGF R2 and
VEGF R3 and triggers intracellular survival signals in tumor cells
and promotes their invasion (46). In addition to maintaining uNK
cell noncytotoxicity, VEGF C may support survival of endothelial
cells (47). Although during pregnancy, intrauterine hormones and
factors that up-regulate secretions of VEGF C in uNK cells are not
known, in vitro studies suggest involvement of cytokines like
IL-15 (20).

The noncytotoxic capacity of NK cells is based on its ability to
recognize surface MHC class I molecules on target cells that de-
liver signals to suppress NK cell functions. A lack of engagement
of such MHC-specific receptors leads to NK cell-mediated killing
(8, 18, 25). Interestingly, Bender and colleagues (40) have shown
that endothelial cells exhibited sensitivity to activated peripheral
blood NK cells in the absence of expression of TAP-1. IFN-y was
shown to induce TAP-1 in endothelial cells and protect them from
peripheral blood NK cell-mediated killing (40). However, our data
suggest that VEGF C is robustly produced by noncytotoxic uNK
cells compared with IFN-v. It is thus proposed that VEGF C is the
predominant regulator of TAP-1 expression in the uterus, although
it is likely that VEGF C and IFN-vy act in tandem as supported by
our observations (Fig. 5B). Interestingly VEGF A or PIGF failed to
induce TAP-1 expression (Fig. 4B). TAP-1 is a key factor essential
for peptide loading for MHC class I assembly and Ag presentation
(35, 48). Silencing TAP-1 expression using siRNA in trophoblasts
abolished the cytoprotective activity of VEGF C, confirming the
mechanism of action of VEGF C.

Trophoblasts cells do not express classical MHC class I mole-
cules but express HLA-C and unconventional HLA-G and HLA-E
molecules (5). By using HLA-E as a molecule of choice, we show
that VEGF C enhanced surface expression of HLA-E on first-
trimester HTR8 trophoblasts. Surface expression of HLA-E nor-
mally depends on the recruitment and binding of TAP-dependent
classical nonameric peptides with anchoring residues derived from
HLA class I signal sequence (49, 50). Interestingly, TAP-1 ex-
pression has been shown to be significantly higher in extravillous
trophoblasts that are positive for nonpolymorphic HLA class I
molecules (5, 51, 52). We also detected significant presence of
pan-MHC class I on both HTRS trophoblast cells and HUVECs in
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response to VEGF C, suggesting that this angiogenic factor is a
potent immunoregulator in the uterine microenvironment.

Taken together, these findings support a dual role of VEGF C in
immune tolerance and promoting active angiogenesis by uNK
cells. Our findings for the first time provide evidence that noncy-
totoxicity of uNK cells is directly coupled to their angiogenic
translational machinery. uNK cells apparently prepare trophoblasts
and endothelial cells to express modest levels of MHC class 1
molecules to evade killing by a major cytotoxic cell population at
the maternal-fetal interface.
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