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Abstract

PROBLEM—Enrichment of uterine Natural Killer (UNK) cells occurs during pregnancy in many
species. However, functions of uNK cells and regulation of their uterine homing are not fully
defined. In mice and women, uNK cells contribute to angiogenesis, a role reviewed here and now
addressed in a mammal with an alternative placental type.

METHODS OF STUDY—To address lymphocyte functions, RNA from murine or porcine
endometrium and lymphocytes purified from endometrium were analyzed using realtime or
reverse transcription PCR. To address homing potential, human blood CD56" lymphocytes were
evaluated using both RNA and functional adhesion to endothelium presented under shear force in
frozen sections of gestation day 7 C57BI/6J implantation sites. Women were serially sampled over
a menstrual cycle or a clinical preparatory cycle for embryo transfer.

RESULTS—Activation of murine uNK cells is associated with much greater increases in
transcription for Eomesthan for 7T-bet ( Tbx21). Lymphocytes from normal porcine implantation
sites transcribe VEGF, PIGF, IFN-y and HIF-1a. In fertile women, increases in L-selectin- and
a4-integrin-mediated interactions between CD56+ cells and endothelium occur at LH surge
(cycling women) through to oocyte pick up or embryo transfer, then return to pre-LH levels.

CONCLUSIONS—Uterine lymphocytes may universally promote pregnancy-associated
endometrial angiogenesis. Recruitment of uNK precursor cells from blood appears to occur in a
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window promoted by rising plasma estrogen and luteinizing hormone and limited by rising
progesterone.
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INTRODUCTION

In mice, pregnancy induces the differentiation of two transient endometrial tissues; the
mesometrial lymphoid aggregate of pregnancy (MLAp) and the decidua basalis (DB). These
are remarkable tissues because they are traversed by large, tortuous, pregnancy-dilated
maternal arteries which supply the placentae and because they contain disproportionately
high numbers of lymphocytes of the Natural Killer (NK) lineage. In comparison with
structures like lymph nodes (LN) and intestinal cryptopatches, the process of development of

these progesterone (P4)-dependent tissues that have immune functions is poorly understood
1-3

Uterine (U)NK cells appear during decidualization, peak in number and tissue density at
gestation day (gd)10-11, then begin to die 4:°. Cells of the NK lineage are not only rare in
the non-decidualized uterus but they appear to be in an immunologically naive state as
evidenced by their lack of cytoplasmic granules 8-8. The self-renewing progenitors of uNK
cells (pro-uNK) are derived from trafficking precursors (pre-uNK) found in peripheral
lymphoid sites, in particular spleen and lymph nodes °. To enter uterine tissues, these cells
are thought to migrate through vessels in the central DB and localize to peri-vascular
locations in DB and MLAp in response to specific arrays of adhesion molecules expressed
on endothelium 19, Since uNK cells are highly proliferative, as evidenced by the presence of
mitotic figures 711, progenitor and precursor cell recruitment to the uterus is likely to be of
reduced significance after gd8. Once localized, pre-uNK cells differentiate and gain in size
and function (acquisition of cytoplasmic granules, production of interferon (IFN)-+y etc.) as
pregnancy progresses to mid gestation. Conceptus-derived signals cannot be responsible for
triggering homing or the initial activation of pre- uNK cells because activated uNK cells are
found in conceptus-free deciduomata /. However, conceptus-derived signals must sustain the
normal lifespan of uNK cells out to midgestation because they decline quickly in
deciduomata. At gd12 of normal pregenancy, when uNK cells have become large and
heavily granulated, cell division ceases and the proportion of uNK cells with features of
senescent cells becomes dominant, then numbers decline °. UNK cells have low cytotoxic
function 1213, but are potent producers of immunomodulatory cytokines such as IFN-y,
colony stimulating factors (CSF, GM-CSF), and angiogenic molecules such as vascular

endothelial growth factor (VEGF), placental growth factor (PIGF), and angiopoetin (Ang2)
14-16

Mice deficient in uNK cells retain fertility, showing that uNK cells are not essential for

successful rodent pregnancy. Such mice lack development of the MLAp, have poor
decidualization and the spiral arteries servicing each implantation site are more constricted,
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thicker walled and shorter than in appropriate strain and gd-matched control animals 17-19,
Through secretion of molecules including IFN-y 29, the potent vascular relaxant NO 2% and
vascular endothelial growth factor (VEGF) 15, uNK cells promote dilation, elongation and
loss of smooth muscle in spiral arteries. This increases blood vessel support capacity for
developing fetuses. Production of IFN-y is likely the major effector function of uNK cells
since administration of recombinant mouse or human IFN-vy alone is sufficient to promote
complete vascular modification in pregnant alymphoid mice 20:22:23 The ability to quantify
changes in the histological architecture of the major vessels in implantation sites in immune
deficient mice from vessels having pre-eclampsia-like features towards normal, pregnancy-
modified vessels provides an excellent /n vivo assay system to functionally assess molecules
contributing to uNK cell homing, activation and actions.

Early, pregnancy-associated endometrial enrichment in uNK cells is also reported in pigs 2.
Porcine conceptuses are non invasive and endometrial angiogenesis supporting conceptus
attachment sites involves development of a subepithelial capillary plexus rather than spiral
arterial modification. We wondered if the 3 fold enrichment in endometrial lymphocytes at
porcine conceptus attachment sites was functionally analogous to the more abundant
recruitment of uNK cells of mice and humans and promoted angiogenesis 1%:25, Laser
capture microdissection of endometrial lymphocytes was used to obtain RNA reflecting /n
utero conditions, cDNA was synthesized and used as a template for quantitative realtime
PCR. Transcription profiles for VEGF, HIF-1a and IFN-vy, key regulators of angiogenesis
during early pregnancy, were evaluated by relative quantification using p-actin as a
housekeeping gene. Lymphocytes transcribed these molecules. Indeed, when levels of
transcripts for VEGF, HIF-1a and IFN-y in endometrial lymphocytes were compared to
those from trophoblast gd15-23, lymphocytes were found to transcribe much higher levels.
This suggests that, at least in pigs, lymphocytes are the major cells sensing implantation site
levels of oxygen and responding by promotion of angiogenesis 16.

The human uNK cell, which expresses surface CD56 at 10-100 fold higher levels than blood
bright and dim subsets respectively, increases rapidly in number in the post-ovulatory phase
of the menstrual cycle to become the dominant lymphocyte of the decidualized uterus 26:27,
In human pregnancy, uNK cells associate closely with extravillous trophoblast. Extensive
spiral artery modification during the first trimester of human pregnancy is accomplished by
highly invasive trophoblast, which replaces the vascular endothelium in maternal
arteries?8:29, The role of uNK cells in the human uterus/pregnancy is not yet clear, but is
speculated to involve initiation of menstruation, maintenance of decidua, implantation and
endometrial angiogenesis 2227

MOVING PRE-uNK CELLS TO THE MOUSE UTERUS

Movement of lymphocytes from lymphoid organs into the circulation and then into tissues is
orchestrated by an elegant series of interactions between specific tissue-secreted chemokines
and their receptors expressed on lymphocyte subsets 30:31, Engagement of the chemokine
receptor (one of the seven transmembrane G-protein coupled receptors) on leukocytes results
in activation of adhesion molecules that are constitutively expressed on leukocyte plasma
membranes. Once activated, adhesion molecules, such as L-selectin and a4 integrin, are able
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to form attachments to their ligands which are expressed by endothelium (Peripheral Node
Addressin (PNAd), Mucosal Addressin Cell Adhesion Molecule (MAdCAM) or Vascular

Cell Adhesion Molecule, V-CAM-1) 3233 Firm adhesion of the leukocyte to endothelium

must occur prior to the leukocyte’s egress from the circulation and into a tissue 34,

Like other leucocyte subsets, NK cells and NK cell subsets display unique arrays of both
chemokine receptors and adhesion molecules. These include the chemokine receptors
CCR2, CCR5, CXCR3, CXCR4 and CX3CR1 35-38 and the adhesion molecules L-selectin
and a4f7 integrin 39, Our recent studies, involving transplantation of pre-uNK cells from
knockout mice to mated, alymphoid females, have demonstrated significant but overlapping

roles for these molecules in effecting pre-uNK cell trafficking to the gestational uterus
9;40-42

The Stamper-Woodruff adhesion assay monitors leukocyte homing potential /n vitro*3. This
assay applies living leukocytes or leukocyte subsets to frozen tissue sections as substrates for
the tissue homing target of interest. The assay was developed to study movement of
lymphocytes from the circulation into secondary lymphoid organs (i.e.LN) but has been
adapted and widely applied to address questions as diverse as lymphocyte recruitment to
pancreatic islets in the pre-insulitis phase of diabetes 44 to human cytotrophoblast adhesion
to luminal epithelium of human luteal phase endometrial biopsies . For leukocyte
adhesion, a constant number (usually 5x106) of cells (either mouse or human in origin;
isolated from blood or organs or established cell lines with or without selected enrichment or
transgenic display of the molecule of interest) is applied to 12um sections of snap frozen
murine tissue under a constant shear force at 4°C. Interactions between the viable leukocytes
and the endothelium in the substrate tissue are stopped after 30 min, non-adherent cells are
rinsed away and the specimens are fixed, stained and enumerated for adherent cells. We
adapted the assay to assess pre-uNK cell homing to decidua. Our initial studies showed that
human lymphocyte interactions with endothelium were elevated if the endothelium was
presented in LN, Peyers Patches (PP) or decidua from pregnant donor mice. Not all tissues
from the pregnant donors had endothelium that revealed this transient change. Further,
independent but co-ordinated changes occurred in lymphocytes themselves. These
independent but co-ordinated effects on specific organ endothelia and on lymphocytes were

reproduced in ovariectomized animals treated with either estradiol (E) or progesterone (P4)
46

To further understand the physiology involved in uNK cell egress from the circulation into
the uterus, we are adopting another technique from the field of leukocyte trafficking for use
in gestational studies, intravital microscopy. In this technique, a vessel in an anaesthetized,
living animal is visualized at high magnification. Cells passing through the vessel can be
measured for speed, marginalization and tethering and the endothelium in the vessel can be
assessed functionally and/or changed by drug administration. The cremaster muscle is a
striated skeletal muscle associated with the spermatic cord, which is widely used for this
animal preparation (Fig 1A) due to its easy exteriorization without flow impedance, the
optical clarity of the preparation due to its thinness and its freedom from vibration due to
cardiac or respiratory cycles. However, the cremaster is not suitable for addressing our
research questions involving vascular changes which are confined to the uterus. We have
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been successful in imaging the spiral arteries in gd 10-12 pregnant living mice (Fig 1B) and
are undertaking functional studies of these vessels with the longterm goal of assessing
physiological uNK cell interactions with implantation site endothelia /n vivoin real time.

DIFFERENTIATION OF MOUSE UNK CELLS

In adult mice, NK cells differentiate from bone marrow hemopoietic progenitor cells in
response to cytokines, including those that signal via receptors that contain the common
cytokine receptor gamma-chain (-yc). In addition to yc, pre-NK cells express CD122 (beta
chain of the receptors for IL-2/1L-15), but lack NK1.1, CD49b and Ly49 gene family
members which characterize mature NK cells;. Normal numbers of pre-NK cells are found
in yc-deficient mice, showing that NK cell commitment is not dependent on the cytokines
whose receptors incorporate yc such as IL-2, 4, 7, 9, 15, or 21. However, IL-15 plays a
dominant role in early NK cell differentiation by maintaining normal numbers of immature
and mature NK cells in bone marrow and spleen 47.

IL-15 has been shown to be the critical uterine stromal cytokine promoting uNK cell
differentiation. Mouse uterine IL-15 production peaks at gd10 48. Mice genetically deleted
in IL-15 differentiate no uNK cells during their pregnancies and their spiral arteries
resemble those that cannot be gestationally modified in yc-deficient mice 49.
Transplantation of bone marrow from normal mice to these strains has different implantation
site outcomes. In IL-15 deficient females, there is no implantation site change and no uNK
cell differentiation. In yc-deficient females, there is uNK cell differentiation and pregnancy-
associated structural change in the spiral arteries 4°. These data suggest that the cyclic,
progesterone-regulated expression of IL-15 reported in human endometrium %0 is key to
human NK cell differentiation within the uterus.

ACTIVATION OF MOUSE UNK CELLS

Differentiated uNK cells must become activated to produce IFN-y. While many pathways
involved in NK cell activation by MHC antigens, viruses, cytokines and immune-cell
interactions have been defined, it cannot be assumed that uNK cells will be identical. Direct
proof is necessary. For example, systemic NK cells are deficient in mice lacking IRF-1 but
UNK cells are normal in number and function in IRF-1 null mice where molecules other than
IRF-1 appear to regulate expression of uterine 1L-15 49. Similarly, recent studies of the T-bet
null mouse showed these animals were severely NK cell deficient and concluded that T-bet,
a factor regulating IFN-y gene transcription, was essential for differentiation of the NK cell
lineage 1. Further study revealed that uNK cells differentiated abundantly in T-bet null mice
and adequately modified implantation site spiral arteries. This led us to assess the levels of
transcription of a less well studied factor associated with IFN-y gene transcription, £omes,
in mouse UNK cells. £Fomes is transcribed 1000 times more abundantly than 7-bet (how
formally 7bx21) between gd 8-12 and is probably the key transcription factor used by uNK
cells to upregulate IFN-y 2, Because Eomes null mice are not viable, this conclusion has
not been confirmed /n vivo.
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IL-12, 18, 23 and 27 are cytokines known to promote and enhance IFN-y production. They
are produced by the very early decidua 3. Interestingly, about gd6, the production of uterine
IL-18 moves from stromal cells to uNK cells themselves which is thought to sustain and
provide autoregulation of the pro-inflammatory conditions needed for IFN-y production 3.

The LY49 gene family encodes murine NK cell surface receptors. These are type Il lectin
receptors engaged by MHC molecules. Most LY 49 gene products are function inhibiting
receptors but several are activating receptors. Engagement of activating receptors initiates a
biochemical cascade ultimately triggering cytokine production and/or cytotoxicity. We
examined transcription of the LY49 gene family in C57BI/6J mice using endometrium and
isolated uNK cells. In virgin uterus the two activating receptors LY49D and H were
transcribed as were several inhibitory receptors. Pregnancy induced expression of the
remaining inhibitory receptors (Paffaro et al, manuscript in preparation). Thus, pregnancy
appeared to upregulate signals that would dampen uNK cell function. This conclusion is the
opposite to that made from the genomic study of Hiby et al addressing relationships between
genes for the human NK cell receptor family known as Killer Immunoglobulin-like
receptors (KIR) and pre-eclampsia. Pre-eclampsia was associated with a specific fetal
genotype when the mother had a haplotype restricting NK cell activation 54, Further studies
in humans at the RNA level and in both species at the protein level will be needed to
determine if these are truly conflicting data. A non variant activating receptor NKG2D is
shared by all human and mouse NK cells and is activated by stress antigens including the
antigen family known as retinoic acid induced embryonic antigens (RAE-1) 5.

Upon NK receptor ligation, activation complexes are formed that signal through
polypeptides which contain immunoreceptor tyrosine-based activation motifs (ITAMs) %6
These include KARAP/DAP12, FcRy and CD3(, which interact variously to transmit
signals from CD16, KIR-S, CD94 or Ly49 /. KARAP/DAP12 is an essential component for
NK cell anti-viral and anti-tumor functions 8 and stimulation via this receptor results in
either cytokine production (i.e.IFN-vy) or cytotoxicity. Stimulation through DAP10, which
associates with NKG2D-L and is independent from ITAM signaling, results in cytotoxicity
but not cytokine production 9. Murine NK cells also express 2B4, a member of the CD2
subset of 1gG family of receptors which, through homophilic or heterophilic interactions,
function as a co-receptors. Murine NK cells also express CD48, the ligand for 2B4, whose
interaction is essential for 1L-2-induced expansion, activation and secretion of IFN-y 60,
Inhibitory receptors are monomeric and express one or more intracytoplasmic
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) which transduce signals via the
major histocompatibility complex (MHC) | ligands 5°. The inhibitory effects of ITIMs are in
dynamic equilibrium with ITAM activating signals, thus NK activation is in constant flux.

Gestational endometrium expresses KARAP/DAP12, FcRy, CD3( and DAP10. NKG2D
and RAE-1 are also expressed in normal mouse implantation sites, suggesting all the
elements necessary for uNK cell activation are present during normal pregnancy 42. Studies
of pregnancy in mice genetically deleted or mutated for KARAP/DAP12, FcRy, CD3( and
DAP10 revealed that only DAP10~/~ mice had morphologically normal implantation sites
and produced normal endometrial concentrations of IFN-y. Mice without functional
KARAP/DAP12 had limited spiral artery modification but the restriction was more severe in
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mice lacking FcRy and CD3(. This suggests an unexpected role for 1gG in mouse
implantation sites that may reduce the stringency of the analogies between mouse and
human uNK cells since human uNK cells lack CD16 and therefore would not be influenced
by 1gG. Mice dually deleted for DAP12 and FcRy produced no decidual IFN-y and did not
show spiral arterial modification 42. This result is of particular interest because uNK cells
are not the only source of decidual IFN-y 20:61:62_ |t has been estimated in mice that ~10%
of decidual IFN-vy is not uNK cell-derived. The total absence of IFN-y suggests the non
lymphocyte producing cells also use DAP12/FcR-y signal transduction.

An alternative mechanism for uNK cell activation that has not been widely explored is nerve
stimulation 63, The uterus is innervated by the pelvic nerves which are mixed
parasympathetic with sympathetic fibres. Grossly, nerves accompany the arterial supply that
enters the uterus mesometrially. Murine uNK cells express asialo GM1 8, a brain ganglioside
while human uNK cells express N-CAML, a neural cell adhesion molecule capable of
homotypic binding. To determine whether products of sympathetic nerves might participate
in localization or activation of uNK cells, we mapped the sympathetic fibres in implantation
sites using the sympathetic nerve restricted enzyme tyrosine hydroxylase (Fig. 2A) and
compared the positions to the distribution of uNK cells (Fig 2B). Sympathetic fibres were
found in the walls of the uterine arteries until they crossed the myometrium in both non
pregnant and pregnant mice. No fibres were found in decidua or associated with the spiral
arterial branches from the uterine artery. Thus, it seems unlikely that sympathetic
innervation contributes to uNK cell localization or activation.

HUMAN UNK CELL INTERACTIONS WITH ENDOTHELIUM, AN ANALYSIS
OF POTENTIAL FOR TRAFFICKING

NK cells in adult humans, like those in mice, are derived from hematopoietic stem cells
found in marrow and in the bloodstream. Human NK cells become activated in the
circulation and extravasate into tissues in response to inflammation. Molecules contributing
to these egress-promoting interactions with endothelium include alLp2, aMB2, aXp2, and
a4pl integrins, ICAM-1, PSGL-1, and L-selectin. The associated cytokines and chemokines
that promote NK cell chemotaxis into tissues include I1L-12, IFN-(a/B), CCL2, 3, 4,5, 7, 8,
CXCLS8, and CX3CL1. NK cells are able to move into secondary and tertiary lymphoid sites
without stimulation 4. These data suggest that an initial phase of uNK cell activation occurs
before pre-uNK cells reach the uterus. It is unclear whether lineage differentiation of pro-,
pre- and uNK cells is fully distinct from that defined for NK cells in lymphoid tissue, as
suggested by microarray data 5 or if decidua creates an environment that promotes
differentiation of a unique NK cell subset 6.

Using our assay of human blood lymphocyte adhesion to frozen mouse decidual tissue
sections under shear force, we serially analyzed CD56+ lymphocyte adhesive function for 17
fertile women over a complete, hormonally-monitored menstrual cycle. This work
established that periovulatory changes, associated with the surge in luteinizing hormone
(LH), promote a 4872 hour gain in lymphocyte adhesive function 87. This gain was L-
selectin and a4 integrin dependent and could be obliterated if cells were pre-treated with
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antibodies blocking the functions of these molecules. Similar gains in adhesive function
were induced in cells from male donors after 4 h culture in medium containing physiological
levels of E; or LH. Culture in medium containing pregnancy-associated levels of P, did not
alter adhesion in comparison to culture in medium alone.

Serial analyses of CD56+ blood lymphocyte adhesive function were also undertaken for 55
infertile women preparing clinically for embryo transfer. These patients were compared as
two groups, those having natural cycles for frozen embryo transfer and those having
hormonally-medicated cycles for oocyte collection, IVF and immediate embryo transfer.
This study 88 found that pregnancy did not induce greater levels of adhesion than the
menstrual cycle and did not sustain the elevated levels found between the LH surge and
embryo transfer. In addition, administration of exogenous hormones did not alter NK cell
adhesiveness to endothelium in decidual vessels. In women successfully achieving
pregnancy after embryo transfer, adhesion had dropped to baseline levels at LH+18, the day
of blood sampling for pregnancy diagnosis by B-hCG detection. Elevated adhesion was
again found at luteal day 40 in pregnant subjects, the last time point in our analyses that
coincided with the patient’s presentation for ultrasound confirmation of pregnancy. These
data suggest that cyclic ovarian events promote a narrow window for pre-uNK cell homing
to the human uterus. Other factors may influence the day 40 rise and new studies would be
needed to determine the width of the time interval associated with this later, post
implantation, gain in lymphocyte interactions with endothelium. Most interestingly, women
who failed to carry a viable pregnancy to luteal day 40 did not show enhanced NK cell
adhesiveness resembling that in fertile women. This suggests that in humans, uNK cells may
have a role not seen in mice; of secreting molecules conducive to implantation.
Alternatively, these data may suggest that blood NK cells serve as indicators for systemic
adhesion molecule activation (including L-selectin) and mirror events occurring at the
blastocyst surface as it interacts with endometrium?>.

The functional changes in CD56+ blood lymphocyte functions are clearly hormonally
synchronized. However, the influence of hormones appears to be indirect since highly
purified populations of CD56+ cells do not display transcripts for the receptors for ER, PR
or LHR (our unpublished data). The synchronous changes in endometrial stroma and
endothelium are likely the primary, endocrinologically-targetted events and products of these
changes are likely to alter the trafficking patterns of some NK cell lineage cells in the
circulation and induce their functional activation. Exodus of pro- or pre-uNK cells from the
circulation into decidua brings an encounter with IL-15, which drives terminal uNK cell
differentiation. Encounters with IL-12, -18 and other molecules enhance the activation and
maturation of the cells, sustaining them until they encounter and interact with trophoblast
and engage additional activation receptors. It remains to be established if a higher level of
functional activity is possible in these physiologically recruited cells that would promote
fetal compromise and loss or whether these pathological events should be attributed to a
different subset of specifically recruited immune cells.
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Fig. 1.
Digitized videoimages of transilluminated (A) cremaster arterioles passing through striated

muscle fibres in an adult male CD1 mouse and (B) decidual spiral artery at gd 12 in an adult
female CD1 mouse. Videorecordings were made using a Sony DXC-390 video camera and a
BXWI Olympus microscope and a 20X objective: final magnification approximately 2000X.
In (A) the cremaster muscle consists of approximately 2 layers of skeletal muscles (striated
due to the actin-myosin banding pattern) running vertically and diagonally through the
image. The arterioles consist of a single layer of vascular smooth muscle cells (a smooth
muscle cell indicated by the arrow) wrapped circumferentially around a single layer of
endothelial cells interfacing with the blood column (red). Scale: 10um per division.
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Fig. 2.
Photomicrographs of serial cryostat sections of gd10 C57BI/6J implantation sites. Left panel

shows Periodic Acid Schiff’s stained section with methylene blue counterstain, imaged at
40x. Insert (A) shows enlargement (imaged at 200x) of the upper boxed region with
immunolocalization of sympathetic nerves using a primary goat antibody to tyrsoine
hydroxylase (Chemicon, Th42), a rabbit anti-goat secondary reagent and DAB as the
chromogen. Strong staining of sympathetic nerve fibres is seen in the walls of branches from
the uterine artery (UA) as they pass in the mesometrium towards the uterus.
Immunoreactivity is lost in the myometrium (My) and is absent from the decidua (D) and
the walls of the spiral arterioles (SA) in the decidua x 400. Insert (B) shows enlargement
(imaged at 400x) of the lower boxed region. UNK cells (chevrons) are abundant in the
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decidua and surrounding and within the walls and lumens of the spiral arteries. No evidence
for co-localization of nerves and uNK cells was seen between gd6-12.
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