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Abstract

During the secretory phase of the menstrual cycle, a Natural Killer (NK) cell subset expressing
CD56Pr9t appears in the decidualizing uterus, and remains until onset of menses. If pregnancy
occurs, decidual (d)NK cells increase to become the predominant uterine lymphocytes of early
pregnancy. To elucidate mechanisms of CD56P"9M cell recruitment to the uterus, an in vitro
adhesion assay was used to assess the effect of the menstrual cycle, as well as cycle-associated
hormones on adhesive properties of human lymphocytes. Adhesion of human peripheral blood
lymphocytes to pregnant mouse lymph nodes and Peyer’s Patches tissue sections was constant
throughout the cycle. When uterine tissue was used as the substrate, adhesive CD56* cells were
found only in decidua basalis. Adhesion increased at the luteinizing hormone surge. Adhesion was
mediated through both L-selectin and a4 integrin-dependent mechanisms. Furthermore, we
observed increased adhesive function in CD56+ cells from male donors which had been cultured
with estradiol or LH as compared to cell aliquots cultured without additives. Lymphocytes
adherent to mouse uterine tissue were predominantly CD56°"19" suggesting that peripheral NK
cells may be actively recruited to the uterus in an important, brief endocrine-regulated fashion at
the time of ovulation to establish the dNK population of early pregnancy.
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Introduction

Uterine immune cell populations undergo remarkable changes during the course of each
ovulatory cycle. Leucocytes constitute 5% of uterine stromal cells in the proliferative phase
of the cycle, but increase to 25% of total cells in the late secretory phase, primarily as a
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result of a large influx of natural Killer (NK) cells (1;2). This migration is concurrent with
decidualization, a process whereby endometrial fibroblasts transform, under the influences
of estrogen and progesterone (P,), into decidual cells (3;4). In decidualized tissue, 70% of
lymphocytes are CD56P119ht cD16M!l a phenotype which constitutes less than 1% of
circulating blood lymphocytes and about 10% of total peripheral NK cells, which are
predominantly CD56%M, CD16* (5). CD56P"19Mt cells are detectable in the uterus 2-3 days
after the luteinizing hormone (LH) surge until LH+12 days, then undergo apoptosis prior to
the onset of menses. Loss of decidual NK (dNK) cells has been attributed to declining
progesterone levels (3). In the event of pregnancy, dNK cells increase rapidly and distribute
broadly throughout decidua. As the fetus develops, dNK cells are found in close proximity
to fetally-derived extravillous trophoblast invading the decidua (3). This suggests dNK cells
have roles in implantation and establishment of the placenta.

Murine uterine (u)NK cells are derived from circulating precursors. Intravenous infusions of
cell suspensions derived from any lymphoid organ of wild-type mice re-constitutes uUNK
cells in impregnated, alymphoid mice, with maximal reconstitution from splenocytes of
pregnant donors (6). Lymphocyte homing depends on a multi-step cascade of interactions
with vascular endothelial cells and occurs in response to conditions such as fever,
inflammation, wounding or infection. This process is well-described in secondary lymphoid
tissues (7;8). Initial rolling and tethering of circulating lymphocytes is mediated by transient
binding of L-selectin and a4f7 integrin homing receptors expressed on lymphocytes to
endothelial ligands (PNAd and MadCAM-1, respectively) on specialized high endothelial
venules (HEV). Extravasation is mediated by chemokine signals from the site of injury or
inflammation. The binding of chemokines to ligands expressed on lymphocyte surfaces
stimulates G-protein dependent activation of LFA-1 which results in firm adhesion to its
endothelial ligand ICAM-1. The final step is transendothelial migration (9).

Evidence that L-selectin and a4 integrin may orchestrate lymphocyte trafficking to
decidualized mouse uterus is accumulating. In previous studies, we demonstrated dynamic,
pregnancy-associated endothelial surface changes in murine lymphoid and decidualized
uterine tissues but not in other tissues. These changes were recognized by L-selectin and/or
a4 integrin receptors on human lymphocytes (10). When the mouse tissue donor was
ovariectomized and treated with either 17p-estradiol (E;) or Pg4, gains in adhesion were
particularly pronounced on decidual substrate. Complementary gains in adhesive capacity
were found in the lymphocytes from these pregnant or hormone-treated mice as compared to
virgin or sham-treated ovariectomized controls. This suggests independent but co-ordinated
hormonal regulation of adhesion pathways in decidual endothelium and lymphocytes(6;10).
At gestation day (gd)8 of murine pregnancy, Kruse et al. (11;12) identified a4 integrin™,
LFA-1* NK cells in decidua basalis (DB), close to VCAM-1 expressing endothelium.
VCAM-1, an alternate ligand for a4 integrin, is up-regulated by pro-inflammatory cytokines
such as TNFa and IL-1, in concert with transcription factors such as the IFN-related factor
(IRF)-1 in vascular endothelium (13;14) and IRF-2 in muscle (15). Human CD56* dNK
cells express a4 integrin and LFA-1, while the a4 integrin ligand, VCAM-1 is expressed on
decidual blood vessels in the human uterus (16-18). Both E, and P4 are reported to stabilize
expression of VCAM-1, ICAM-1 and E-selectin in primary vascular endothelial cell cultures
(19;20). E; is also reported to directly stimulate VCAM-1 expression by endothelial cells in
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culture (21). While these effects would enhance extravasation of lymphocytes, they are
insufficient to induce specific homing of pre-dNK cells to the uterus since lymphocytes
require specific chemotactic signals to activate the homing receptors expressed constitutively
on their surfaces.

The present study was undertaken to define the effects of the normal hormonal fluctuations
during the menstrual cycle on functional interactions between human lymphocytes and
endothelium. Since our previous experiments used human lymphocytes purchased in
quantity and the current study required serial donations from specific donors, we optimized
the adhesion assay for use with smaller lymphocyte samples. Using this optimized protocol,
we found that the functional ability of human blood lymphocytes and the CD56°"19"t subset
in particular, to interact with uterine endothelium was dynamically altered at the LH surge or
in association with high physiological levels of E; and LH.

Materials and Methods

Human Subjects and Blood Sampling

Healthy male volunteers of legal age donated either 15 mL thrice over several weeks (cohort
A (n=4)) or up to 50 mL of blood once (cohort D (n=4)). Non-pregnant female subjects of
legal and reproductive age (23-45), having regular menstrual cycles between 26 and 33 days
in length, using no form of hormonal birth control for at least 1 year and in good health were
recruited to donate serial blood samples. Based on the experiment for which their blood was
used, they were divided into 2 cohorts, B (n=7) and C (n=12). All subjects were informed
about the risks of participation in this study and provided an informed written consent
(Ethics Committee, Office of Research, University of Guelph). About half of the female
donors were multiparous (n=3, cohort B and n=6, cohort C). The others had never attempted
to become pregnant. Female donors provided either 25 mL (cohort B) or 20 mL (cohort C)
of venous blood in sterile blood collection tubes containing the anticoagulant acid citrate
dextrose (ACD), which was immediately layered onto an equal volume of warmed (room
temperature) Histopaque 1.077 (Sigma, Mississauga, ON) and centrifuged (400xg; 30 min;
RT). The lymphocytes at the Histopaque/plasma interface were collected, washed thrice,
counted and adjusted to 2.5x107 cells/mL in 37°C RPMI (Sigma) with no additives.

Mice and tissue dissections

C57BI/6J mice (Jackson Laboratories, Bar Harbor, ME) aged 7-8 wk were used for timed
matings with the morning of the copulation plug designated gd0. Non pregnant (NP)
controls were virgin females who had never been paired with males. All procedures were
performed under approved animal utilization protocols (Animal Care Committee, University
of Guelph). Virgin mice and mice at gd 6-8 were euthanized and the following tissues were
collected; a pool of 10-12 lymph nodes (LN) from subcutaneous and intermuscular sites, a
pool of 10-12 Peyer’s Patches (PP) and uteri. Implantation sites from pregnant uteri were
trimmed and cut in the median sagittal plane and placed cut face down into biopsy
cryomolds (Fisher Scientific, Mississauga, ON). All tissues were embedded in OCT (Miles
Laboratories, Fisher Scientific), flash frozen in liquid nitrogen-cooled isopentane and stored
at —20°C. Tissues were used within 2 weeks of collection.
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Antibodies

For assays involving LN or uterine tissue substrates, cell aliquots were incubated (30 min,
RT) with function blocking mAb specific for human L-selectin (CD62L, BD Pharmingen,
Mississauga, ON). When PP was used as the tissue substrate, lymphocyte aliquots were pre-
treated (30 min, RT) with a function-blocking antibody to alpha 4 integrin (HP2/1, Coulter
Immunology, Hialeah, FL, 10 pg/mL)(23). After treatment, cells were washed in RPMI and
readjusted to 5x107 cells/mL. In some experiments, aliquots of 5x108 lymphocytes were
pre-labeled with CD56-PE (Immunotech, Beckman Coulter, Mississauga, ON) to detect NK
cells at 1:100 for 20 min RT, then washed with RPMI and re-suspended in 100 L.
Preliminary assessment of labeled and unlabeled cells in bright field microscopy indicated
that no change in adhesion occurred due to labeling (data not shown). In some experiments,
endothelial cells in frozen mouse tissues were labeled with 100 pl of 1:100 dilution of
Alexa488 conjugated isolectin from griffonia simplicifolia (Molecular Probes, Burlington,
ON)(22).

To characterize populations in the starting cell suspension prior to application onto frozen
sections, flow cytometric analysis was conducted using the following panel of mouse anti-
human antibodies (Caltag Laboratories); CD4 R-PE-8 FITC (1:100), CD19 FITC (1:10),
CD33-4D3 R-PE (1:10), CD34 FITC (1:10) and isotype controls; mouse 1gG2a FITC/R-PE
(1:100), mouse IgG1 FITC (1:10), mouse IgG1 R-PE (1:10). To detect NK cells, CD56-PE
(Immunotech, Beckman-Coulter) (1:100) was used. All antibody dilutions were optimized in
preliminary studies (data not shown).

Flow Cytometry

Cells suspended in PBS were labeled for 30 min RT, then washed twice with PBS containing
2% BSA and 0.01% Na azide. Analyses of cell data were performed on a FACScan using
CellQuest™ software (Becton-Dickenson, San Jose, CA) immediately after the last wash,
without the use of fixative. The lymphocyte gate was defined by forward and side scatter
properties (data not shown).

Assay of cell adhesion under shear to frozen tissue sections

Twelve micron sections of frozen mouse tissue on cover slips were placed on rubber
stoppers on a table, rotating at 80 rpm in a cold chamber, and immediately overlain with 100
pL of either untreated human lymphocytes or lymphocytes treated with antibody to L-
selectin, a4 integrin and/or pre-labeled with CD56-PE. Rotation was increased to 112 rpm
and continued for 30 min at 4°C. After incubation, slides were gently rinsed in PBS, then
fixed 30 min in 3% glutaraldehyde at 4°C or, if fluorescent labeling was done, in 2%
paraformaldehyde for 20 min at 4°C, then rinsed in PBS for 10 min, then in ddH,0 and
mounted with AquaPolymount (Polysciences, Inc, Washington, PA ). The sections were
assessed for lymphocyte adhesion by microscopy. Two hundred HEV were counted per blind
encoded slide of LN or PP or 50 high power fields (HPF, 400x) in uterine tissues by 2
independent researchers.
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Optimization of experimental procedures

Preliminary experiments were performed to determine the lowest number of cells necessary
to detect significant differences in lymphocyte adhesion between untreated and pre-labeled
cells. Replicate experiments used 107, 5x106, 2.5x106, and 10° cells per 100 uL of test
suspension from four different male donors (cohort A). These cells were applied to sections
of LN from both virgin and pregnant animals in a standard adhesion assay. One aliquot of
cells was pre-treated with anti-CD62L to block L-selectin mediated adhesion.

To assess the effects of anticoagulants on adhesive properties of isolated PBL, 10 mL of
blood were collected per subject from cohort A into each of 4 different anticoagulants.
These were ACD, EDTA, Sodium Citrate and Heparin. Lymphocytes were isolated and used
simultaneously as described above.

Because fever range temperature promotes adhesion of PBL (23), the effect of blood storage
temperature on the adhesive properties of PBL was assessed. Whole blood samples
(collected in ACD) from each member of cohort A were exposed to the following
conditions; 1) 4h at 20°C, 2) 4 h at 37°C, 3) 4h at 4°C or 4) 3.5h at 4°C, then warmed back
to 37°C for 30 min. Lymphocytes were isolated as described above. Control lymphocytes
came from freshly drawn blood taken from the same donor 4 h after the initial 40 mL
donation.

Effect of the menstrual cycle on adhesion of human PBL

Seven female volunteers (cohort B) were recruited to donate 25 mL of blood thrice weekly
through an entire menstrual cycle (12 samples collected per subject). Subjects maintained
basal body temperature charts to monitor their cycles. White blood cells were isolated and
2.5 x 108 cells, either untreated or pre-treated with anti CD62L or anti HP2/1, were applied
to frozen tissue sections of LN and PP from virgin and pregnant (d8) mice. The women
started their donations together, on various cycle days. At completion of the experiment,
they submitted their temperatures charts. All cycles were normalized by arbitrarily setting
the day of temperature rise as cycle day 14. Results were correlated with the phase of the
cycle as indicated by temperature shift (indicating that ovulation had occurred) and
confirmed by analysis of individual serum hormone levels (moderate estrogen and low
progesterone levels indicate proliferative phase and high levels of progesterone and estrogen
indicate the secretory phase).

Role of LH surge in determining level of adhesion

Data from the menstrual cycle study indicated that the peri-ovulatory period was a time of
change in lymphocyte-endothelial interaction. Therefore, cohort C women were recruited to
donate blood on day 8, day of LH surge and day 20 of their cycles. In addition to basal body
temperature charts, cohort C used a commercial LH detection kit (Clearplan, Novartis,
Mississauga, ON) from day 11 of their cycle until the LH surge. Two cell aliquots were
prepared from each sample for use in adhesion assays; one not labeled and one pre-treated
with anti-CD62L. Similarly, 2 aliquots of cells were prepared from a second group of 6
subjects; both aliquots were labeled with anti-CD56-PE, and one was also pre-treated with
anti-CD62L. Serum from each of these samples was assayed by ELISA for E, (DRG
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Instruments, Biophase Diagnostic Laboratories, Mississauga, ON), LH and P4
concentrations(Biocheck, Inc. Burlingame, CA).

Role of ovarian steroids in stimulating adhesive ability in CD56P"8Mt cells

To determine the effect of ovarian steroids on adhesive capability of CD56P"9M cells and to
avoid endogenous female hormone effects on NK cell adhesiveness, male donors from
cohort D were recruited to donate up to 50 mL venous blood. Freshly isolated lymphocytes
were adjusted to 7x108 cells per mL of serum-free RPMI. One mL of cell suspension was
placed in individual wells of a 12 well plate containing 1 mL of serum-free RPMI containing
either no additives, E, (Sigma), P4 (Sigma) or LH (Dr AF Parlow, National Hormone and
Peptide Program, Torrence, CA), such that the final concentrations were E,; 100, 200, 400,
800 pg/mL, P4 1, 4, 8, 16 ng/mL, and LH 10, 50, 100, 200 ng/mL. After 4 hours of culture at
37°C, 5% CO», cells were aspirated, washed with serum-free 37°C RPMI and labeled with
anti-CD56-PE as above. Cell numbers were adjusted to 5x107 cells per mL and 100 L of
labeled cells were used immediately in an adhesion assay.

Statistical Analyses

Results

Results depict the mean £ SEM. To analyze experimental effects of cell number, blocking,
temperature or anticoagulant on lymphocyte adhesion, either a one- way or two-way
ANOVA was used, as indicated in figure legends. Further comparison of means was
conducted using Bonferroni’s or Tukey’s procedure to adjust for multiple comparisons. We
used Bonferroni when a fixed number of comparisons were made, and Tukey’s procedure to
adjust for all pair-wise comparisons. Since some data points were missing in the timecourse
study, due to loss of tissue substrate during processing, the mixed linear model (a
generalization of repeated measures ANOVA) was used to analyze the timecourse studies to
test for differences over time and between conditions (untreated cells vs function-blocking
antibody) as well as for associations between adhesion and hormone concentrations. A
posthoc paired t-test was used to determine whether mean adhesion in the peri-ovulatory
period was different from the rest of the cycle. Analyses were performed using SigmaStat
and SAS. All analyses passed the Kolmogorov-Smirnoff test for normality (with Lillefor’s
correction) as performed by SigmaStat.

Adhesion Substrate

Since frozen murine tissues were used to assess adhesion of human lymphocytes as a model
of trafficking, it was important to establish the adhesive partner cell in the tissue. Figure 1
illustrates adhesion of fluorescently labeled CD56+ cells and endothelial cells. It is apparent
that the NK cells selectively adhere to vascular endothelium specific to the decidua basalis,
as adhesion was non-existent in non-decidualized areas of the same tissue.

Reliability of assay

A limited number of lymphocytes can be purified from 25 mL of blood (approximately 1-
10x107). Therefore, a dose response study was conducted to determine the lowest number of
cells that could be used per tissue section while still retaining statistical differences between
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untreated cells and cells treated with function-blocking antibody to L-selectin. Results are
shown in Figure 2. A two-way ANOVA showed a significant interaction between the
presence of blocking antibody and number of lymphocytes applied. We subsequently tested
for significant differences between the blocked and unblocked conditions at each of the 6
lymphocyte concentrations. Using Bonferroni’s procedure to adjust for multiple
comparisons, a p-value of less than 0.00833 on an individual test is required to show
statistical significance, in order to maintain an overall Type-I error rate of 0.05. The
minimum number of applied lymphocytes with which a significant increase in adhesion
between untreated cells and cells pre-treated with antibody to L-selectin could be detected
was 2.5x106 cells/tissue section (p=0.0033). Differences between normal and blocked cells
at concentrations of 5x10° and 107 cells were likewise significant (p<0.0001). Thus 2.5x106
cells were used in each adhesion assay throughout the study permitting more experimental
conditions using a single blood sample.

The effect of the anticoagulant on the adhesive properties of the isolated lymphocytes was
investigated with 4 anticoagulants for each of 3 subjects (data not shown). While
lymphocytes isolated from blood containing ACD, the anticoagulant used in leukopacks
employed in our previous studies, appeared superior in adhesion to lymphocytes isolated
from Na Citrate, EDTA or heparin, the difference was not significant (one-way ANOVA).
ACD was selected as the anticoagulant for these experiments.

The results of the temperature assay were analyzed by one-way ANOVA which found
significant differences between the various treatments (p=0.01). Bonferroni’s procedure,
which requires p<0.0125 to maintain an overall significance level of 0.05 was used to
determine which treatments differed from fresh lymphocytes (data not shown). Holding
whole blood at 37°C results in adhesive ability significantly greater than the freshly isolated
lymphocytes (p=0.0048). Storage at room temperature has no effect on adhesion (p=0.8106),
while chilling blood reduces the effectiveness of the lymphocytes isolated from it to
recognize and bind to ligands expressed on mouse endothelium, although the difference is
not significant (p=0.6720). Chilled blood, which is then re-warmed to 37°C demonstrates a
rebound in adhesion, but with a Bonferroni adjustment, this is not significantly different
from fresh lymphocytes (p=0.0311). Thus, cells were kept warm following their collection.

Effect of the menstrual cycle on functional adhesive properties of lymphocytes

Lymphocytes from cohort B women appeared to increase in adhesiveness on LN or PP from
virgin mice or pregnant mice at days 10-12 of the cycle (data not shown). However, when
data from this peri-ovulatory period (d10-12 of the cycle, day of temperature shift which
occurs post-ovulation was set as day 14) were pooled and compared to the rest of the cycle,
human lymphocytes collected at the peri-ovulatory phase were not found to be more
adherent to LN (p=0.0529, t-test) than those from the proliferative and luteal phases of the
menstrual cycle. Treatment of the lymphocytes with function blocking antibodies to L-
selectin or a4 integrin resulted in a significant reduction in adhesion (p<0.0005, mixed linear
model F-test, data not shown) which was constant over the menstrual cycle, regardless of the
tissue used.
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This experiment indicated the peri-ovulatory period was of potential interest, so LH
detection was incorporated into our protocol to focus on the effect of the LH surge on the
modification of lymphocyte-endothelial interactions. Lymphocytes from women in cohort C,
collected at cycle day 8, day of LH surge and cycle day 20 were applied either untreated,
blocked, labeled with anti-CD56PE or labeled and blocked, to LN and uteri from pregnant
mice only. Mean adhesion of blood lymphocytes and CD56"9"t cells to LN peaked at peri-
ovulation, but there was no change in mean adhesion (data not shown). When uterine tissue
was used as the substrate, a significant increase in both lymphocyte (Figure 3A) and
CD56P"19Mt cell (Figure 3B) adhesion was observed on the day of LH surge as compared to
proliferative (d8) and mid-secretory (d20) lymphocytes (p=0.0004 and p=0.0092, mixed
linear model, F-test). Blocking with anti-L-selectin resulted in a significant decline in
adhesion at all timepoints (p=0.0004, mixed linear model, F-test), but did not completely
eliminate adhesion of CD56+ cells, indicating that other adhesion molecules are involved in
mediating lymphocyte-endothelial adherence. The LH-associated gain in adhesion to uterus
was L-selectin-dependent because there was no change in adhesion in the blocked samples
at the LH surge compared with other timepoints.

Cytometric analysis of PBL

The histogram of Figure 4 summarizes mean percentages (x se) of CD4, CD8, CD19,
CD56%M and CD56PM19M cells within the lymphocyte gate during the monitored cycles of
cohort C donors. There was considerable variation in lymphocyte subset percentages
between subjects, and inconsistent variations from subject to subject over the course of the
cycle, with some subjects showing an increase in the luteal phase, some a decrease, and
others no change. Thus we found no significant changes in lymphocyte populations over the
course of a menstrual cycle.

Hormonal profile of subjects

Serum concentrations of Eo, LH and P4 for cohort C donors are summarized as mean % se in
Table I. The ELISA kits provided expected reference values for phases of the menstrual
cycle as shown below each of the means of the measured values. All subjects were within
the normal range of hormone values for each phase of the cycle with the exception of two
subjects who had high pre-ovulatory levels of P4 and one subject had consistently low levels
of P4.

To assess whether the hormone concentrations were correlated with adhesion to LN and
uterus, a statistical mixed linear model was applied. Estrogen was significantly associated
with adhesion to uterus (p=0.0149), but not LN. No association between progesterone and
adhesion in either uterus or LN was found. Finally, LH was significantly associated with
adhesion in uterus (p=0.0002) and in LN (p=0.0186).

Effect of reproductive hormones on adhesion of CD56* cells

To address directly the effects of cycle hormones on lymphocyte adhesive function, NK cells
from 4 male donors of cohort D were cultured in RPMI media with no additives, RPMI with
E,, RPMI with P4 or RPMI with LH. Figure 5 summarizes these experiments. Adhesion of

CD56 expressing cells increased following culture compared to adhesion of fresh cells. Cells
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cultured with hormones, especially E, and LH, but also low levels of P4 demonstrated
greater adherence to vascular endothelium than did cells cultured without hormone additives
(Figure 5). Furthermore, flow cytometric analysis of cells before and after culture showed a
consistent and dramatic increase in CD56 expression in all samples, regardless of additives
to culture media (not shown).

There was an approximately linear relationship between adhesion and E, concentration
(p=0.0071, mixed linear model)(Figure 5A). For every pg/mL increase in E,, there is an
accompanying increase of 0.038 adherent cells/HPF. There was also an increase in adhesion
between progesterone levels of 0 and 2 ng/mL (p=0.0022, mixed linear model)(Figure 5B).
Specifically, adhesion is estimated to increase by 15.8 cells/HPF for every ng increase in Py.
At P4 levels greater than 2 ng/mL, there is a significant decreasing relationship between
adhesion and P4 (p=0.0403, mixed linear model). In particular, adhesion is estimated to
decrease by 3.6 cells/HPF for every ng increase in P4. There was an increasing relationship
of LH with adhesion (p=0.0055) from 0 t0100 ng/mL (Figure 5C). LH concentrations higher
than 100 ng/mL did not induce further increases in adhesion, rather, adhesion plateaued.
Finally, there was no additive effect of combining various dosages of LH with 800 pg/ml
17p estradiol (Figure 5D).

Discussion

The highly proliferative and abundant population of CD56P119"t, CD169M NK cells which
inhabits the human uterus within days after the LH surge is thought to arise from uterine
recruitment of circulating blood and in situ proliferation (2;24). Here, we describe
significant increases in adhesion of CD56°"19" blood lymphocytes taken at the LH surge of
fertile females, to L-selectin ligands in decidualized mouse uterus but not to ligands in either
LN or PP, indicating a tissue specific effect. Furthermore, lymphocytes from male donors
exhibited enhanced adhesive capacity after incubation with E,, low pre-ovulatory levels of
P4 or LH as compared to cell aliquots cultured without additives.

Blood CD56P19Mt cells constitute less than 1% of peripheral blood lymphocytes and differ in
function from the CD569™ subset by producing greater amounts of IFN-y, TNF-B, GM-
CSF, IL-10 and IL-13 when stimulated by IL-12, 15, 18 or PMA (25), and by exhibiting
reduced natural cytotoxicity in the unstimulated state (26;27). Uterine NK cell populations
differ from peripheral blood subsets in several species (2;4;28), particularly in terms of gene
transcription (29). In primates, dNK cells express the phenotype and share the cytokine and
comparatively non-lytic characteristics of peripheral CD56P119Mt, cD16"! cells (28;30;31).
It is attractive to postulate that a subset of blood CD56PM18t cells homes to the uterus and
undergoes terminal differentiation in response to uterine stromal factors such as IL-15
(5;32;33). We speculate that major differences between blood and dNK cells can be
attributed to these uterine events, as circulating NK cells are immature.

Migration of leukocytes to inflammatory sites is induced by chemokines, secreted by cells at
the site, which bind to seven-transmembrane G-protein couples receptors (34). Hormonal
effects on expression of chemokines and their receptors have been described; E, induces
increased production of inflammatory chemokines in dendritic cells and monocytes (35).
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Administration of exogenous estrogens during fertility treatment results in increased
numbers of dNK cells and in glandular IL-8/CXCL8 production (36). Progesterone induces
MIG/CXCL9, while E;, inhibits its production (37). Investigations of menstrual cycle effects
on production of chemokines or their ligands reveal up-regulation of endometrial transcripts
for CXCR1, CCR5, CCR2B and, to a lesser extent, CXCR4 in the luteal phase (38) and
increased expression of CXCL10 (39) and CXCL9 but not CXCL11 or CXCL12 (40) in
decidua. Circulating CD56P"19Mt cells express high levels of CXCR3, the ligand for CXCLJ9,
10 and 11 and moderate levels of CXCRA4, the ligand for CXCL12, and demonstrate
migration in response to these signals (41). Thus, this subset is well-equipped to respond to
cyclic signals from dendritic and stromal cells in the uterus.

Here, we examined the effect of the menstrual cycle on the functional adhesiveness of
peripheral blood lymphocytes, the source of dNK cell progenitors suggested from mouse
models. Mouse, rather than human uterine tissue was used as the substrate to eliminate
differences in stage of cycle in the uterus, and because the assay requires use of relatively
fresh substrate tissue (less than 2 weeks of storage at —20°C). We found significant
enhancement of adhesive capacity of lymphocytes only at LH surge and only when decidua
was used as substrate. When only CD56"19"t cells were enumerated, it was apparent that
they constituted the majority of adherent cells and thus could be preferentially recruited.
Since antibody-blocked lymphocytes showed no alteration in adhesion, any changes in
adhesive capacity were mediated by activation of L-selectin, presumably by circulating
factors.

Direct response of CD56PM19t cells to menstrual cycle hormones is debatable; neither rat nor
human lymphocytes express a forms of the receptor for estrogen (ER) or progesterone (PR)
(42-45) but mouse NK cells do (46-48). It is reported that dNK cells express ERB1, but
these are non-circulating, terminally differentiated cells (49). Our findings of a positive
relationship between estrogen and adhesion to decidua, a stronger association between LH
levels and adhesion, and a biphasic effect of P4 are suggestive of complex hormonal
influences in trafficking potential. It appears that rising E, prior to the LH surge create a
trafficking window enabling CD56P"9N cell egress from circulation. After ovulation has
occurred, predominantly high P, levels close the window and CD5619Mt cells cease
trafficking. A critical role for E; on NK cell trafficking to the uterus is unlikely since a study
of mice genetically devoid of ERa or ERp display no alteration in recruitment of uNK cells
to the pregnant uterus (50). It has been reported that lymphocytes of pregnant women, as
well as of women in the luteal phase of the menstrual cycle express the LH receptor, but at
lower levels than found in ovarian tissue (51). Therefore, it is quite plausible that peripheral
blood lymphocytes are directly activated during the LH surge.

The enrichment of CD56P119" NK cells in the uterine environment is well documented
(1;2;52). However, the means by which this enrichment occurs is still not understood.
Decidua contains no HEV, the usual site of lymphocyte trafficking to lymphoid tissues. Due
to frequent histological observations of mouse NK cells transiting decidual arteries, we
speculate that these arteries, which thin and elongate as decidualization progresses, are the
site of NK cell invasion.
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Menstrual cycle variation has also been described in human blood NK cell lytic
function(53-55) and in number of NK cells per millilitre of blood (55). A significant
increase in the number of CD56+ cells at the peri-ovulatory period reported for 39 women
between the ages of 20 and 29 was postulated to be due to LH and not to E,, P4 or
testosterone (55). We observed larger differences in NK cell populations between individuals
in our study group than within individual. While there appeared to be an increase in the
percentage of CD56PM9Nt sybset (relative to the total lymphocyte population) at LH surge in
our cohort B of 7 patients between the ages of 25 and 38, the difference was not significant.
We did not enumerate the total NK cells/mL blood.

While it is attractive to postulate that adhesion is representative of NK cell recruitment to the
decidualizing uterus, this is difficult to prove in women. Loss of this NK cell population
with each menstrual cycle indicates that renewal occurs. It is generally accepted, and these
data support the hypothesis, that lymphocyte recruitment is from the peripheral blood. It
would appear from our work that either a threshold level of E; or a surge of LH activates
adhesion molecules on the dNK precursor cell surface, enabling a single wave of NK cells or
precursor cells to leave the circulation and enter the uterus. This is consistent with a model
in which NK cells localize to the DB at LH +3, proliferate until approximately LH+12, then
start to disappear, as previously described (1;2). Furthermore, modulation of NK cell lytic
activity by LH and BhCG at physiological levels has been reported, suggesting a direct
interaction between the NK cell and the polypeptide hormones (54). Complete
understanding of the migration and role of dNK cells is expected to have broad clinical
impact in women’s reproductive health areas such as infertility, gestational complications
(i.e. recurrent spontaneous abortion, preeclampsia), and pathologies such as endometriosis.
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Figure 1.
Photomicrograph of results of Stamper-Woodruff adhesion assay. Human lymphocytes

(5%x108 in 100 pL) were pre-labeled with anti-CD56-PE, then applied to decidua from a
C57BI/6J mouse at day 7 of gestation under rotation, to mimic shear forces in blood vessels.
Murine endothelium was labeled with Alexa 488 conjugated isolectin (bright green). Non-
adherent cells were rinsed off, the tissues were fixed and mounted. The number of CD56+
cells (bright red cells) per high power field (HPF) were counted. (400X). Size bar shows
50um.
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Figure2.
Adhesion outcomes (# adherent lymphocytes) after application of varying numbers of cells

from the same donors to constant tissue (LN from a pregnant mouse) within single
experiments. Solid bars depict the mean number of adherent cells + se when 10° to 107
lymphocytes were applied to frozen sections of LN. Each solid bar is paired with an open
bar which represents the mean number of adherent lymphocytes pre-treated with a function-
blocking antibody to L-selectin. The minimum number of applied lymphocytes required to
detect a significant difference from control cells was determined to be 2.5 x 10° (dark bar). *
denotes a significant difference in adhesion between untreated and treated cells applied in
equal number.
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Figure 3.
Adhesion of lymphocytes from 3 timepoints in the menstrual cycle to LN and uterus from

pregnant B6 mice.

Solid bars represent the mean number of adherent lymphocytes + se (A) or CD56+ cells (B)
per HPF in decidua from gd 6-8 B6 mice. Open bars show adhesion of lymphocytes pre-
treated with a function-blocking antibody to L-selectin (n=6) which was significantly less
than the untreated cells (p=0.0004, mixed linear model, F-test). * denotes significant
increase in adhesion of untreated cells at LH as compared to untreated cells at cycle day 8
and 20 as determined by a mixed linear model, p=0.0004 (A) and p=0.0092 (B).
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Figure 4.

The relative percentages of lymphocyte subsets over the course of a menstrual cycle. As
analyzed by flow cytometry, the numbers of CD4, CD8, CD19, CD33 and CD56%M cells
remained stable. Each bar represents the mean of 3-6 samples.
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Adhesion of cultured lymphocytes of male donors (n=4) to uterine endothelium. Peripheral
blood lymphocytes were cultured with concentrations of 17 estradiol varying from 0 to 800
pg/mL (A), progesterone varying from 0 to 8 ng/mL (B), luteinizing hormone varying from
0 to 200 ng/mL (C) or luteinizing hormone varying from 0 to 200 ng/mL with 800 pg/ml
17p estradiol (D) for 4 h prior to assay for adhesion to frozen sections of mouse uterus. Gray
bar in panel D shows effect of 800 pg/mL alone on adhesion (mean + sem), without added
LH. Data points represent mean values + se. Open circles denote mean number of adherent
CD56™ cells pre-treated with anti-L-selectin, closed circles show mean adhesion of untreated
NK cells.* increased adhesion relative to control sample with no added hormones, p<0.005
(one way ANOVA), # increased adhesion relative to control sample with no added
hormones, p<0.05 (one way ANOVA), 4 differs from samples pre-treated with antibody to
L-selectin p<0.008 (one way ANOVA).
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Table |

Serum hormone concentrations in cycling blood donors (n=6)

17 B Estradiol pg/ml Luteinizing Hormone ml U/ml Progesterone ng/ml
Cycleday 8 (Normal range) 83.26 + 32.59 (30 — 120) 9.56 + 1.98 (<15) 1.38 +£1.77 (0.15-0.70)
Surgeof LH (Normal range)  152.39 + 58.50 (130 — 370) 39.51 + 23.55 (20 - 120) 150+1.25(1-2)
Cycleday 20 (Normal range) ~ 88.46 + 20.24 (70 — 250) 7.39+2.42 (<12) 10.51 + 4.39 (2— 25)
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