Open Journal of Immunology, 2014, 4, 148-156 .0:0 Scientific
Published Online December 2014 in SciRes. http://www.scirp.org/journal/oji ‘02:0 Research
http://dx.doi.org/10.4236/0ji.2014.44017

Elevated Birth Rates in CD62L
(L-Selectin)-Deficient BALB/c Mice:
Potential Involvement of NK Cells

Balint Farkas!2:3*#, Jozsef Bodis!3*, Aaron R. Mangold4, Adrienn Angyals,
Ferenc Boldizsar¢, Katalin Mikecz?, Tibor T. Glant2

'Department of Obstetrics and Gynecology, University of Pecs, Clinical Center, Pécs, Hungary
*Section of Molecular Medicine, Department of Orthopedic Surgery, Biochemistry, Internal Medicine
(Section of Rheumatology) at Rush University Medical Center, Chicago, USA

*Janos Szentagothai Research Centre, University of Pecs, Pécs, Hungary

4Department of Dermatology, Mayo Clinic, Scottsdale, USA

5Department of Cardiovascular Science, University of Sheffield, Sheffield, UK

®Department of Immunology and Biotechnology, University of Pecs, Pécs, Hungary

Email: *dr.balint.farkas@gmail.com, bodisj@freemail.hu, aaron.mangold@gmail.com,
a.angyal@Sheffield.ac.uk, boldizsar.ferenc@pte.hu, katalin_mikecz@rush.edu, tibor glant@rush.edu

Received 21 August 2014; revised 21 September 2014; accepted 21 October 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Background: L-selectin (CD62L) is a cell surface adhesion molecule recently shown to play a criti-
cal role in determining endometrial receptivity and implantation in humans. By contrast, the L-
selectin ligand is missing from the rodent endometrium. Interestingly, CD62L (L-selectin)-defi-
cient BALB/c mice delivered significantly higher numbers of viable offspring than wild type con-
trols via mechanisms yet to be defined. Methods: Nulliparous CD62L-deficient (8 - 10-week-old, n =
25) or wild type (n = 18) females were mated with 43 age-matched males. Animals were sacrificed
at gestational day (GD) 9.5. Tissue samples were analyzed by immunostaining and flow cytometry.
Results: Mating wild type and CD62L-deficient BALB/c mice revealed that the increased birth rate
was due to the CD62L deficiency in females. Flow cytometric analysis demonstrated significant
differences in the number of natural killer (NK) cells present in the uterus of pregnant CD62L-
deficient mice compared to controls. Inmunohistochemistry confirmed NK cell accumulation at
the fetal-maternal interface. Discussion: Uterine NK cells have been shown to peak at GD 8 - 10 at the
fetal-maternal interface. NK cells might regulate mouse fertility rates by facilitating development
of the maternal spiral arteries, thereby stimulating the formation of larger vessels that facilitate
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intrauterine survival, however, their role is not obligate to spiral artery development. Conclusions:
Diminished CD62L expression modified immune cell trafficking into the uterus of pregnant mice
generating a microenvironment primarily dominated by NK cells resulting in improved embryonic
survival rates.
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1. Introduction

Uterine implantation of the human embryo begins with attachment of the blastocyst to the trophoblast. Because
this process occurs under conditions of shear stress it parallels leukocyte transmigration, suggesting that the mo-
lecular basis of these processes might be analogous. Numerous investigators (and our previous studies) have
confirmed a key role for leukocyte (L)-selectin (CD62L) in the inflammatory processes. CD62L plays a key first
step in initiating leukocyte migration from specialized blood vessels (high endothelial venules) into the lymph
node parenchyma following L-selectin binding to carbohydrate rich ligands. Outside the lymph node this inte-
raction facilitates chemokine-driven leukocyte transmigration into inflamed tissues [1]-[3]. The same L-selectin
adhesion system (L-selectin and its carbohydrate rich ligands) has been implicated in initial embryo-maternal
interactions [4]-[6] and L-selectin/ligand binding has been suggested to be critical to uterine trophoblast cell de-
velopment [7].

Although the mouse trophectoderm expresses L-selectin, its carbohydrate rich ligands (especially sulfated
carbohydrates) are missing from the murine luminar and glandular epithelium at this developmental stage sug-
gesting that other integrins and/or adhesion molecules may play a role in mediating this interaction [7]-[10].

Recently, we found that CD62L-deficient BALB/c mice delivered unexpectedly larger litters compared to
wild type (WT) BALB/c mice. This observation led us to investigate the role of L-selectin in fetal survival and
implantation. Due to the lack of adhesion molecules like L-selectin critical to leukocyte migration and extrava-
sation, the goal of the current study was to characterize the immune cells present at the fetal-maternal interface
and to define potential mechanism(s) associated with increased birth rates in CD62L-deficient mice by compar-
ing uterine tissue samples harvested during the early stages of pregnancy.

2. Methods
2.1. Reagents

All chemicals unless otherwise specified were purchased from Sigma Chemical Co. (St. Louis, MO) or Fischer
Scientific (Chicago, IL). Phosphate-buffered saline (PBS; pH 7.4) was used for washing and short-term storage
of cells until use. Cell-surface labeling with monoclonal antibodies (mAb) was carried out in flow cytometry
wash buffer (PBS containing 0.1% NaN3 and 0.1% bovine serum albumin).

2.2. Mice and Tissue Collection

This study was approved by the Institutional Animal Care and Use Committee (IACUC) at Rush University
Medical Center. BALB/c mice were purchased from the Charles River Laboratories (Wilmington, MA).
CD62L-deficient mice were purchased from The Jackson Laboratories and backcrossed into the BALB/c back-
ground as described earlier and housed under pathogen-free conditions [2]. A total of 43, 8 - 10-week-old WT
BALB/c female (n = 18) mice and L-selectin-deficient female mice (n = 25) were selected based on estrus-based
vaginal smear checks conducted daily and then paired with age-matched CD62L-deficient or control WT
BALB/c males. To standardize pregnancy age, males were kept only for 1 night in the breeding cages. Detection
of a vaginal plug was defined as gestation day (GD) 0. Pregnant mice were sacrificed using CO, asphyxiation on
GD 9.5 and uterine tissues harvested immediately, perfused with PBS, dissected, and digested with collagenase

D (2 mg/ml in PBS).
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2.3. Histological Procedures

Formalin-fixed GD 9.5 implantation sites were embedded in paraffin and 7 um transverse sections were stained
with hematoxylin and eosin (H & E). The H&E-stained sections were examined under bright-field light micro-
scopy.

For immunofluorescence staining, tissue sections were incubated in 10% normal goat serum in PBS for 60
min and then incubated with either PE- or FITC-conjugated individual primary antibodies Abs (BD biosciences,
San Jose, CA, USA) for 60 min. The following Abs were used: anti-GR-1 (for neutrophil detection), anti-
MECA-32 or anti-E-selectin (for mouse endothelium detection), anti-CD3 (for T cell detection), and rat anti-
mouse B220 (for B cell detection). For uterine NK cells, Dolichos biflorus agglutinin (DBA) lectin staining was
used. Samples were washed with PBS for 30 min and analyzed under epifluorescent microscopy (Nikon, Mi-
crophot FMX).

2.4. Flow Cytometric Analysis of the Fetal-Maternal Interface

Fluorochrome-labeled rat anti-mouse antibodies specific for NK cells (anti-CD3-LFA-1" Thy 1.2%), granulocytes
(anti-GR1, anti-CD11b, anti-F4/80), B cells (rat anti-mouse B220), and T cells (anti-CD3) were purchased from
BD Biosciences (San Jose, CA). We used multicolor labeling for the simultaneous detection of cell surface mo-
lecules on cells harvested from mouse uterine tissues at GD 9.5. Samples obtained from uterine segments (con-
ceptus) containing the developing embryo were harvested, homogenized, and then measured using a FACS
Canto Il flow cytometer and data analyzed using FACS DIVA software (BD Flow Cytometry Systems, San Jose,
CA). Specific cell populations were expressed as the percent of total cells unless otherwise specified. Fluores-
cence histogram plots were used to compare mean fluorescence intensities (MFIs) of different samples and to
calculate the proportion of cells staining positive.

2.5. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistic 20 (IBM Corporation) at the Rush University
Medical Center, Chicago, USA. The comparisons were made between the four breeding groups and the mean
litter sizes according to the Mann-Whitney U test. To evaluate differences between the mean number of lym-
phocytes localized at the uterine segments in both, wild type, and CD62L " mice Kolmogorov-Smirnov non-
parametric test was applied. Mean data are reported + standard error of the mean (SEM). Statistical significance
was setat () p<0.05,or (7) p<0.1.

3. Results
3.1. Litter Numbers

To determine whether the L-selectin deficiency in either males or females was responsible for the observed in-
crease in litter sizes and to determine the average number of viable pups, we performed a comparative breeding
analysis using 10-week-old nulliparous BALB/c mice. The following breeding pair combinations were estab-
lished: (1) CD62L-deficient females and CD62L-deficient males (n = 14 breeding pairs), (2) CD62L-deficient
females and WT males (n = 11 breeding pairs), (3) WT females and CD62L-deficient males (n = 8 breeding
pairs), and (4) WT females and WT males (n = 10 breeding pairs). CD62L-deficient male and CD62L-deficient
female crossings produced 118 pups with an average number of 8.43 + 0.55 SEM pups/litter (Figure 1).
CD62L-deficient females crossed with WT males delivered 92 pups with an average number of 8.36 + 0.77
SEM pups/litter (Figure 1). WT females crossed with CD62L-deficient males had 80 pups with an average
number of 6.66 £ 0.8 SEM pups/litter (Figure 1). WT breeding pairs produced 49 pups with an average number
of 6.12 = 0.3 pups/litter SEM (Figure 1). We observed a statistically significant difference between the size of
the litter obtained from CD62L-deficient (male x female) breeding pairs compared to WT male x WT female
breading pairs (p < 0.01) and WT female x CD62L-deficient male breading pairs (p < 0.05). These data clearly
demonstrated that the significantly increased litter size observed was impacted by CD62L-deficiency in females
(Figure 1). Pups obtained from all breading pairs were healthy and viable and no significant differences be-
tween the weights or lengths of pups derived from any breading pairs were observed even at 3 weeks of age
(Table 1). Pups obtained from all breeding pairs developed normally and were fertile 8 weeks after birth (Table

1).
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Figure 1. Average litter numbers. Columns demonstrate the mean litter numbers of
viable pups, derived from four combinations of breeding pairs. Error bars represent
the standard error of mean. p <0.05, p<O0.

Table 1. Neonatal outcome, survival rates, weights and lengths of mice.

Intercross Average newborn Average newborn Average 3-week-old Fertile
weight (g) + SEM lengths (cm) + SEM weight (g) £ SEM
CD62L"" female + male 1.22 (0.34) 1.89 (0.64) 10.78 (0.87) yes
CD62 L™ female + WT male 1.16 (0.28) 1.94 (0.38) 11.82 (0.78) yes
WT female + CD62L " male 1.29 (0.35) 1.66 (0.52) 11.20 (0.86) yes
WT female + male 1.36 (0.40) 1.71(0.41) 12.33 (1.13) yes

3.2. Flow Cytometric Assessment of Leukocytes Surrounding the Developing Embryos

A profile of the type of immune cells present in uterine segments containing a developing embryo was deter-
mined at GD 9.5 in WT or L-selectin-deficient mice (n = 15). There were no significant differences between the
number of B cells (B220%), T cells (CD3"), or activated granulocytes (Gr-1 high, CD11b", F4/80") between
CD62L-deficient or WT groups (Figure 2). However, significantly higher (p < 0.05) numbers of NK cells
(CD3LFA1* Thy 1.2%) were present at the fetal-maternal interface of CD62L-deficient females compared to
those observed in WT mice (Figure 2).

3.3. Immunhistochemical Analysis of Leukocytes in GD 9.5 Uterine Samples

Immunohistochemical analysis of GD 9.5 uterine samples supported the flow cytometric data presented in this
study and observations previously described by others [11]-[14]. T and B cells were present at low numbers at
the fetal-maternal interface and around the yolk sack. Active granulocytes (important effector cells affecting fet-
al loss or survival) were present at similar levels in both CD62L " and WT BALB/c female mice (data not
shown). Unfortunately, due to the anatomy of the placenta, it was impossible to assess whether these cells were
located intra or extravascularly. NK cells in L-selectin-deficient mice localized primarily to the decidua basalis
in greater numbers than observed in WT animals (Figure 3).

4. Discussion

The present study was designed to determine why BALB/c mice genetically deficient for L-selectin delivered
significantly higher numbers of viable pups compared to WT controls. To explain this interesting phenomenon,
the study focused on identifying the potential immunological differences between WT and L-selectin knock-out
mice at their respective implantation sites. Analysis of cell populations at the fetal-maternal interface at GD 9.5
identified significant differences in NK cell numbers between WT and CD62L-deficient BALB/c mice.
L-selectin and its ligands have been shown to play critical roles in the homing, attachment, and tethering of
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Figure 2. Uterine leukocyte composition at GD 9.5 in both CD62L "~ and WT BALB/c mice. Ute-
rine samples harvested on GD 9.5 (n = 15) were minced in PBS. Each developing embryo was ho-
mogenized in the presence of collagenase D, allowed to digest, labeled with various fluorescent
monoclonal antibodies, and analyzed by FACS. Cell groups were defined as follows: NK cells
(CD3'LFA1'Thy1.2"); granulocytes (Gr-1'CD11b*F4/80%); B cells (B220%), and T cells (CD3%).
Light grey columns represent CD62L-deficient mice and the dark grey bars represent WT animals
('p < 0.05).

Figure 3. Immunohistochemical analysis of the uterus at GD 9.5. Tissues were stained with DBA
lectin specific for uterine NK cells (red) and a MECA-32 monoclonal antibody (vascular zone en-
dothelium—green) followed by DAPI staining (nuclei of the trophoblast cells—blue). Samples were
analyzed under epifluorescent light microscopy and images overlaid. Uterus at GD 9.5 from WT (A)
and CD62L~" BALB/c mice (B). NK cells (red) localized only at the mesometrial side of the im-
plantation sites (E—embryo), at the decidua basalis (DB), in both images (20x magnification). The
DBA positivity reactions were localized to cell surface and to the cytoplasmic granules. Staining
intensity reveals accumulation of NK cells in the right image (B). Arrows indicate the exact locali-
zation of the cumulating NK cells in both L-selectin ligand deficient and wild type mice, as detected
with immunostaining abovementioned.

immune cells to the extracellular matrix of both humans and mice [15] [16]; however, in the present study mi-
gration/trafficking analyses were not performed. Therefore, until a bone marrow transplant between a CD62L ™"~
donor and a Rag2/yc recipient or between a wild type donor and a Rag2/yc recipient mice is made we will not be
able to determine whether immune cell recruitment was higher in CD62L deficient mice. This is the subject of

future experiments.
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Several previous studies reported that L-selectin”~ mice had a significantly increased total number of splenic
lymphocytes (including B and T cells) that comprised up to 30% - 55% of the spleen cell population [17]-[19].
NK cells also localized to the spleen of these mice forming around 12% of all nucleated cells present in the red
pulp [20]-[22]. In contrast, no change in the number of either B lymphocytes or NK cells in the has been re-
ported to date in CD62L " mice [17].

NK cells represent approximately 10% of the leukocyte population in both humans and mice [23]. In humans,
NK cell subpopulations can be identified based on cell surface expression of CD3, CD16, and CD56; accounting
for 3 distinct NK cell subtypes: (1) CD56“™CD16" (representing about 90% of all NK cells), (2)
CD56”"CD16%™, and (3) CD3"CD56" [24]-[26]. Direct lysis of target cells is the primary effector function for
CD56"™ NK cells, conversely, effector functions for CD56°"™ NK cells involves immune regulation [27]. On
the other hand, only two populations of NK cells have been described in mice and characterized based on their
CD11 (CD11b"™" and CD11b"9") expression levels. The CD11b™%" NK cell population can be further categorized
into 2 subsets: the CD11b""CD27"9" and the CD11b""CD27"" cells [28]. Uterine NK (uNK) cells represent a
unique group of NK cells in both species, but their exact place among NK cell types is incompletely understood
in mice. In humans, however, uNK cells (CD56°"™) can be detected during menstrual cycles in contrast to their
mouse analogs that can only be identified by DBA staining after blastocyst implantation [29].

Using mice lacking lymphocytes (RAG-27), 3 uNK functions were identified as follows: 1) support of ter-
minal decidual cell differentiation, 2) sensitization of spiral arteries resulting in pregnancy-associated dilation
and elongation, and 3) formation of a transient lymphoid aggregates at the portal vessels and nerves serving as
implantation sites [30] [31]. On the other hand, NK cell-deficient mice remained fertile and delivered normal
numbers of viable pups, suggesting that NK cells may not be essential to healthy pregnancies in mice even
though significant differences exist between the MLAp (mesometrial lymphoid aggregate of pregnancy) of NK
cell-deficient mice and WT animals [32]. Nevertheless, the importance of uNK cells in driving the maturation of
uterine spiral arteries into bigger caliber vessels suggested that uUNK cells were indeed important to normal
pregnhancy development since they significantly affected the decidualization and vascularization processes.

Most animal pregnancy models have been designed (by crossing genetically well-defined inbred mouse
strains such as C57BL6 and DBA/2) to study mechanisms associated with fetal loss and pregnancy-associated
pathologies [13]. This approach thereby mimics the semi-allogeneic graft status of the embryo. In contrast, the
present study used an inbred (BALB/c background) colony that allowed us to investigate the specific role of
CD62L during pregnancy independent of maternal-paternal MHC gene differences. Although the similarity at
the MHC locus in inbred BALB/c mice could eliminate the semi-allogenic graft phenomenon, it could not ex-
plain the increase in the number of littermates delivered by CD62L-deficient females.

Based on our observations (and data available in the literature) it is unlikely that NK cells alone accounted for
the increase in the number of pups born from CD62L™" female BALB/c mice. Another possible explanation
could be that CD62L-deficient mice presented with alterations in the IL-15 and IFN-y cytokine signaling path-
ways [33] [34] (that affect uNK cell proliferation) resulting in a significantly altered micro environment at the
fetal-maternal interface favoring fetal development resulting in larger litters. This could occur via different me-
chanisms, for example, by preventing homing of NK cells into the decidua, affecting their effector functions
(making these cells more regulatory in nature), or by preventing pro-uNK cell trafficking from LNs into the
pregnant uterus.

5. Conclusion

The increased size in the litters of CD62L "~ BALB/c mice was due to changes affecting female mice. Immuno-
logical analyses revealed significantly elevated numbers of NK cells in the uteri of CD62L """ animals that could
have influenced the uterine microenvironment early in pregnancy and played a critical role in regulating mater-
nal tolerance, consequently leading to the delivery of a greater number of viable pups.
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