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Abstract

Chemokines play critical roles in the establishment and maintenance of pregnancy in animals.
Cysteine-X-cysteine motif chemokine ligand 9 (CXCL9), CXCL10, and CXCL11 are involved in re-
cruiting immune cells by binding to their shared receptor, CXC receptor 3 (CXCR3), in a variety of
tissues. This study examined the expression and regulation of chemokines CXCL9, CXCL10, and
CXCL11, their receptor CXCR3, and their role at the maternal-conceptus interface in pigs. The en-
dometrium expressed CXCL9, CXCL10, CXCL11, and CXCR3 stage specifically during pregnancy,
with the greatest abundance on Day 15 of pregnancy. It was noted that their expression was primar-
ily localized to stromal cells, endothelial cells, or vascular smooth muscle cells in the endometrium.
Interferon-y increased the abundance of CXCL9, CXCL10, CXCL11 mRNAs, but not CXCR3, in en-
dometrial explants. Furthermore, recombinant CXCL9 (rCXCL9), rCXCL10, and rCXCL11 proteins
increased migration of cultured peripheral blood mononuclear cells (PBMCs) in a dose-dependent
manner. Recombinant CXCL9 and rCXCL10 caused migration of CD4*, CD8", CD4"CD8" T cells,
and natural killer (NK) cells, and rCXCL11 increased migration of CD4" T and NK cells in PBMCs.
The present study demonstrated that interferon-y-induced CXCL9, CXCL10, and CXCL11, and their
receptor CXCR3 were expressed in the uterus in stage- and cell-type specific manners and in-
creased the migration of T and NK cells, which showed the greatest endometrial infiltration on
Day 15 of pregnancy. These results suggest that CXCL9, CXCL10, and CXCL11 may play an im-
portant role in the recruitment of immune cells into the endometrium during the implantation
period in pigs.
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Summary Sentence

Chemokines CXCL9, 10, and 11 induced by interferon-gamma of conceptus origin in the en-
dometrium are involved in the recruitment of immune cells at the maternal-conceptus interface

in pigs.
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Introduction

The establishment and maintenance of pregnancy require appro-
priate interactions between the developing conceptus (embryo/fetus
and associated extraembryonic membranes) and the maternal en-
dometrium. During the peri-implantation period in pigs, the con-
ceptuses elongate from 5 mm to almost 1 m in length and change
morphology from spherical to tubular and to filamentous forms [1].
In addition, the conceptuses secrete estrogen that functions as the
maternal recognition signal of pregnancy to redirect prostaglandin
F,o (PGF,,) secretion from the uterine vasculature to the uterine lu-
men for corpora lutea maintenance [1]. Elongating conceptuses also
produce interleukin-182(IL1B2) into the uterine lumen [1, 2], which
acts to induce the expression of IL1 receptor 1 (IL1R1), IL1 receptor
accessory protein (ILIRAP), and the PG-synthetic enzymes AKR1B1
(aldo-keto reductase family 1, member B1), PTGS1 (prostaglandin-
endoperoxide synthase 1), and PTGS2 (prostaglandin-endoperoxide
synthase 2), and the PG transporters ABCC4 (ATP-binding cassette
subfamily C member 4) and SLCO2A1 (solute carrier organic anion
transporter family, member 2A1) in the endometrium [3-5]. Subse-
quently, the elongated porcine conceptuses intensively produce two
types of interferons (IFNs), IFN-§ (IFND, a type I IFN) and IFN-y
(IFNG, a type II IFN), during the peri-implantation period [6].

IFNs are a group of cytokines that have antiviral, antiprolifer-
ative, and immunomodulatory effects in vertebrates [7]. In rumi-
nants, it is well known that IFN-t (IFNT), a type I IFN produced
by the implanting conceptus, acts as a maternal recognition of the
pregnancy signal by suppressing endometrial expression of estrogen
receptor (ESR1) and oxytocin receptor (OXTR) to block produc-
tion of PGF,,, resulting in the maintenance of ovarian progesterone
production [8]. In pigs, however, the conceptus-derived IFNs do not
have an antiluteolytic effect [9, 10]. Rather, it has been suggested
that they regulate trophoblast attachment [6, 9] and increase PGE,
secretion and endometrial gene expression related to maternal im-
mune reactions, including major histocompatibility complex class I,
B2-microglobulin, signal transducer and activator of transcription 1
(STAT1), and interferon regulatory factor 1 (IRF1) [11, 12]. Never-
theless, the precise mechanisms of action of conceptus-derived IFND
and IFNG are not fully understood in pigs.

Chemokines constitute a family of closely related chemoattrac-
tant cytokines that promote the recruitment and activation of various
immune cells [13]. The chemokines are classified into cysteine (C),
cysteine-cysteine (C-C), cysteine-X-cysteine (C-X-C), and cysteine-
X-3 cysteines (C-X-3C) subsets based on the conserved cysteine
motifs [14]. Cysteine-X-cysteine chemokine ligand 9 (CXCL9; also
called monokine induced by gamma interferon, MIG), CXCL10
(also called interferon gamma-induced protein 10, IP-10), and
CXCL11 (also called interferon-gamma-inducible protein 9, IP-9 and
interferon-inducible T-cell alpha chemoattractant, - TAC) have been
identified as the CXC chemokines that are induced by IFNG and se-
creted by various cell types, including endothelial cells, lymphocytes,
and hematopoietic progenitor cells [15-18]. They are small proteins
that bind to a shared G protein-coupled receptor, CXC chemokine
receptor 3 (CXCR3) [16, 17]. CXCR3 is expressed by various

immune cells, including CD4* and CD8* T cells, natural killer (NK)
cells, NKT cells, a subset of B cells, monocytes, dendritic cells, and
nonimmune cells such as endothelial cells and neurons [19, 20].
CXCL9, CXCL10, and CXCL11 are known to regulate immune re-
sponses by recruitment and activation of CXCR3-expressing leuko-
cytes into inflamed tissues and play important roles in the patho-
physiology of autoimmune diseases and viral infections [17, 21-23].

Production of CXCL9, CXCL10, and CXCL11, and their re-
ceptor CXCR3 by the endometrium has been reported in some
species. In humans, CXCL9, CXCL10, and CXCL11 are expressed
in endometrial epithelial cells and stromal cells, while CXCR3 is
expressed on endometrial epithelial, stromal, trophoblast, and NK
cells, indicating that these chemokines act in autocrine and paracrine
fashions and recruit NK cells into the uterus [24-26]. CXCL9,
CXCL10, and CXCL11 are also expressed in the ovine endometrium
at the time of conceptus implantation, and their expression is in-
creased by IFNT and IFNG in endometrial explants [27, 28]. Ovine
trophoblast cells express CXCR3, and CXCL9 and CXCL10 in-
crease attachment of trophoblast cells to endometrial epithelial cells
[28]. In addition, it has been reported in goats that CXCL10 is ex-
pressed in the endometrial stroma, and CXCR3 is expressed in the
implanting conceptus and immune cells, indicating that CXCL10 in-
duces migration and adhesion of trophoblast cells and recruitment
of immune cells into the endometrium [29, 30]. Still, very little is
known about the expression and function of CXCL9, CXCL10, and
CXCL11, and their receptor CXCR3 in the endometrium in pigs.

To test the hypothesis that CXCL9, CXCL10, and CXCL11
are produced by endometrial cells in response to IFNG of concep-
tus origin and act on recruitment of immune cells from circulating
blood into the endometrial tissues in pigs, this study determined: (1)
the expression of CXCL9, CXCL10, CXCL11, and CXCR3 in the
endometrium during the estrous cycle and pregnancy and in con-
ceptuses during early pregnancy and chorioallantoic tissues during
mid- to late pregnancy; (2) the localization of CXCL9, CXCL10,
CXCL11, and CXCR3 at the maternal-conceptus interface; (3) the
effect of IFNG on CXCL9, CXCL10, CXCL11, and CXCR3 ex-
pression in endometrial tissues; (4) the effect of CXCL9, CXCL10,
and CXCL11 on migration of peripheral blood mononuclear cells
(PBMCs); and (5) the infiltration of T cells and NK cells into the
endometrium during the estrous cycle and pregnancy.

Materials and methods

Animals and tissue preparation

All experimental procedures involving animals were conducted in
accordance with the Guide for Care and Use of Research Animals
in Teaching and Research and were approved by the Institutional
Animal Care and Use Committee of Yonsei University and Seoul
National University. Sexually mature crossbred female pigs were as-
signed randomly to either cyclic or pregnant status. The reproductive
tracts of gilts were obtained immediately after slaughter on either
Day 12 or 15 of the estrous cycle or Day 12, 15, 30, 60, 90, or 114
of pregnancy (n = 4-6 gilts/day/status). Pregnancy was confirmed by
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Table 1. Summary of PCR primer sequences and expected product sizes.

Sequence of forward (F) Annealing
and reverse (R) primers temperature Product size

Primer (8 =3 (°C) (bp) No. of cycles GenBank accession no.

For real-time RT-PCR

CXCL9 F: GTATCATCT TCCTGA CTCTGATTG G 60 276 40 NM_001114289.2
R: TCCCTTTCT TTT GCT TTT TCT TTA G

CXCL10 F:ACCAAAGTIGCIGTTICTTATITTCTG 60 262 40 DQ372065.1
R: ATT GCT TTC AGT AAATTC TTG ATG G

CXCL11 F:CTT GGCTGT CAT ATT TTG TGC TAC 60 257 40 EU682377.1
R: GGA AAT TCA TTC TTT CAA CTT TCT TC

CXCR3 F: TGG AAA ACT CTT CCT ATG ACT ATG G 60 130 40 XM_003135179.3
R: ACG AAG AGG AGG CTG TAG AGG

FCGR3A  F: AGA AGG ATT CTG TGA CTC TGA AGT G 60 313 40 NM_214391.2
R: TGG AAATAT TGG ACCTTT TGT ATT G

TCRA F: CCT GAT ATC AAG AAC CCT GA 60 114 40 HMS537231.1
R: CTC CGA GTC TTT TGT TGT AT

TCRB F: CAA ACA CTG AAGTCTTCTTT 60 386 40 FJ944058.1
R: CCA GTT GTA CTC CCA CTC GT

RPL7 F: AAG CCA AGC ACT ATC ACA AGG AAT ACA 60 172 40 NM_001113217
R: TGC AAC ACCTTT CTG ACCTTT GG

For RT-PCR

CXCL9 F: CAA AAA CCA AGA AAG TTC GAA AAG 60 317 35 NM.001114289.2
R: GTA GCT AAA GCA TGA TGA AAT CCA G

CXCL10 F: ACCAAAGTIGCTGTICTTATITTCT G 60 262 35 DQ372065.1
R: ATT GCT TTC AGT AAATTC TTG ATG G

CXCL11  F: CTT GGC TGT CAT ATT TTG TGC TAC 60 257 35 EU682377.1
R: GGAAATTCATTCTTT CAA CTT TCT TC

CXCR3 F: TGG AAA ACT CTT CCT ATG ACT ATG G 60 130 35 XM_003135179.3
R: ACG AAG AGG AGG CTG TAG AGG

RPL7 F: AAG CCA AGC ACT ATC ACA AGG AAT ACA 60 172 25 NM.001113217
R: TGCAACACCTTIT CTG ACCTTT GG

For in situ hybridization

CXCL9 F: GTG ACA CTG TTC TAC CAC TAT GAA G 60 570 40 NM_001114289.2
R: GGG ATT TTA AAA GCA ACCTTC TAG C

CXCL10  F: ACCAAA GTGCTGTTCTTATITTCT G 60 734 40 DQ372065.1

R: GAA AGC AGT AGA AGC CCA CG

the presence of apparently normal filamentous conceptuses in uterine
flushings on Days 12 and 15, and the presence of embryos and pla-
centa on the later days of pregnancy. Uterine flushings were obtained
by introducing and recovering 50 ml phosphate-buffered saline (PBS)
(pH 7.4) at tissue collection (25 ml/uterine horn). Conceptus tissues
on Days 12 and 15 of pregnancy were obtained from uterine flush-
ing, and chorioallantoic tissues were obtained from Days 30, 60, 90,
and 114 of pregnancy (n = 3-4/day).

Endometrium, dissected free of myometrium, was collected from
the middle portion of each uterine horn, snap-frozen in liquid ni-
trogen, and stored at —80°C prior to RNA extraction. For in situ
hybridization analysis and immunohistochemistry, cross-sections of
endometrium were fixed in 4% paraformaldehyde in PBS (pH 7.4)
for 24 h and then embedded in paraffin as previously described [31].

Total RNA extraction and reverse
transcription-polymerase chain reaction of CXCL9,
CXCL10, CXCL11, and CXCR3 cDNAs

Total RNA was extracted from endometrial, chorioallantoic, con-
ceptus tissues, and PBMC cells using TRIzol reagent (Invitrogen,
Life Technology, Carlsbad, CA) according to the manufacturer’s
recommendation. The quantity of RNA was assessed spectrophoto-

metrically, and the integrity of RNA was validated following elec-
trophoresis in 1% agarose gel.

Four micrograms of total RNA from endometrial, conceptus,
and chorioallantoic tissues were treated with DNase I (Promega,
Madison, WI) and reverse transcribed using SuperScript II Reverse
Transcriptase (Invitrogen) to obtain cDNAs. The cDNA templates
were then diluted 1:4 with nuclease-free water and amplified by
polymerase chain reaction (PCR) using Taq polymerase (Takara Bio,
Shiga, Japan). The PCR conditions and sequences of primer pairs are
listed in Table 1. The PCR products were separated on a 2% agarose
gel and visualized using ethidium bromide staining. The identity of
each amplified PCR product was verified by sequence analysis after
cloning into the pCRII vector (Invitrogen).

Quantitative real-time reverse
transcription-polymerase chain reaction

To analyze expression of transcripts in the uterine endometrial and
chorioallantoic tissues, real-time reverse transcription-polymerase
chain reaction (RT-PCR) was performed using the Applied Biosys-
tems StepOnePlus System (Applied Biosystems, Foster City, CA)
using the SYBR Green method. The Power SYBR Green PCR
Master Mix (Applied Biosystems) was used for PCR reactions.
The final reaction volume of 20 wul included 2 ul of ¢cDNA,
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10 ul of 2x Master mix, 2 ul of each primer (100 nM), and 4 ul of
dH,O. PCR conditions and sequences of primer pairs are listed in
Table 1. The intra-assay coefficient of variation for each primer set
ranged from 0.30% to 0.42%. The results are reported as the ex-
pression relative to the level detected on Day 12 of the estrous cycle,
the level detected on Day 30 of pregnancy, or the level detected in
control explant tissues after normalization of the transcript amount
to the endogenous porcine ribosomal protein L7 (RPL7) control by
the 2722CT method [32].

Nonradioactive in situ hybridization

The nonradioactive in situ hybridization procedure was performed as
described previously [33] with minor modification. Sections (5 um
thick) were rehydrated through successive baths of xylene, 100%
ethanol, 95% ethanol, diethylpyrocarbonate (DEPC)-treated water,
and DEPC-treated PBS. Tissue sections were boiled in citrate buffer
(pH 6.0) for 10 min. After washing in DEPC-treated PBS, they were
digested using 5 pg/ml Proteinase K (Sigma, St. Louis, MO) in TE
(100 mM Tris-HCI, 50 mM EDTA, pH 7.5) at 37°C. After post-
fixation in 4% paraformaldehyde, sections were incubated twice for
15 min each in PBS containing 0.1% active DEPC and equilibrated
for 15 min in 5 x saline sodium citrate (SSC). The sections were pre-
hybridized for 2 h at 68°C in hybridization mix (50% formamide,
5% SSC, 500 pg/ml herring sperm DNA, 250 ug/ml yeast tRNA;
200 ul on each section). Sense and antisense CXCL9 and CXCL10
riboprobes were generated using partial cDNAs cloned into pCRII
vectors by linearizing with appropriate restriction enzymes and la-
beling with digoxigenin (DIG)-UTP using a DIG RNA Labeling kit
(Roche, Indianapolis, IN). The probes were denatured for 5 min at
80°C and added to the hybridization mix. The hybridization reaction
was carried out at 68°C overnight. Prehybridization and hybridiza-
tion reactions were performed in a box saturated with a 5x SSC-
50% formamide solution to avoid evaporation, and no coverslips
were used. After hybridization, sections were washed for 30 min in
2x SSC at room temperature, 1 hin2x SSC at 65°C,and 1 hin 0.1x
SSC at 65°C. Probes bound to the section were detected immuno-
logically using sheep anti-DIG Fab fragments covalently coupled to
alkaline phosphatase and nitroblue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl phosphate (toluidine salt) as chromogenic substrate,
according to the manufacturer’s protocol (Roche).

Immunohistochemistry

To determine the type(s) of cells expressing CXCL11 and CXCR3 in
the porcine endometrium, sections were immunostained. Sections (5
pum thick) were deparaffinized and rehydrated in an alcohol gradi-
ent. Tissue sections were washed with PBS with 0.1% (v/v) Tween-20
(PBST) and blocked with 0.5% (v/v) H,O; in methanol for 30 min.
Tissue sections were then blocked with 10% normal goat serum
for 30 min at room temperature. Rabbit polyclonal anti-CXCL11
antibody (4 pg/ml; Biorbyt, San Francisco, CA) or rabbit poly-
clonal anti-CD3 antibody (3 pg/ml; DAKO, Glostrup, Denmark)
was added, and sections were incubated overnight at 4°C in a humid-
ified chamber, or rabbit anti-CXCR3 antibody (10 ug/ml; LifeSpan
BioSciences, Seattle, WA) was added, and sections were incubated
for 3 h at room temperature. For each tissue tested, purified normal
rabbit IgG was substituted for the primary antibody as a negative
control. Tissue sections were washed intensively with PBST. Biotiny-
lated goat antirabbit secondary antibody (1 pg/ml; Vector Labora-
tories, Burlingame, CA) was added, and sections were incubated
for 1h at room temperature. Following washes with PBST, a strep-

tavidin peroxidase conjugate (Invitrogen) was added to the tissue
sections, which were then incubated for 10 min at room tempera-
ture. The sections were washed with PBST, and aminoethyl carbazole
substrate (Invitrogen) was added to the tissue sections, which were
then incubated for 20 min at room temperature. The tissue sections
were washed in water, counterstained with Mayer’s hematoxylin,
and coverslipped.

For quantification of immunostained CD3" T cells, endometrial
tissue sections were scanned using a TissueFAXS cytometer system
(TissueGnostics, Vienna, Austria), as described previously [34]. En-
tire endometrial tissue sections with an average of about 150 fields
per each slide were acquired using a 10x objective lens. Analysis
of immunostaining signals was done using HistoQuest analysis soft-
ware (TissueGnostics). The cutoff value for background staining was
chosen using the forward/backward gating tool of the HistoQuest
software. The HistoQuest analysis software measured mean relative
intensity of CD3-positive immunostaining signals.

Explant cultures

Endometrium on Day 12 of the estrous cycle was dissected from
the myometrium and placed into warm phenol red-free Dulbecco-
modified Eagle medium/F-12 (DMEM/F-12) culture medium (Sigma)
containing penicillin G (100 IU/ml) and streptomycin (0.1 mg/ml) as
described previously [31], with some modification. The endometrium
was minced with scalpel blades into small pieces (2-3 mm?), and 500
mg was placed into T25 flasks with serum-free modified DMEM/E-
12 containing 10 pg/ml insulin (Sigma), 10 ng/ml transferrin (Sigma),
and 10 ng/ml hydrocortisone (Sigma). To determine the effects of
IFNG on the expression of endometrial genes, endometrial explant
tissues were cultured immediately after mincing in the presence of 0,
1, 10, or 100 ng/ml recombinant porcine IFNG (Sigma) with both
E; (50 ng/ml) and P4 (3 ng/ml) at 37°C for 24 h. Explant tissues
were then harvested, and total RNA was extracted for real-time RT-
PCR analysis to determine expression levels of CXCL9, CXCL10,
CXCL11,and CXCR3 mRNAs. These experiments were conducted
using endometria from three gilts on Day 12 of the estrous cycle.
Treatments were performed in triplicate using endometrial tissues
obtained from each of the three gilts.

Porcine peripheral blood mononuclear cell

migration assay

Whole blood obtained from approximately 6-month-old pigs was
diluted with PBS at a ratio of 1:1, and PBMCs were isolated by
density gradient centrifugation (400x g for 25 min without brake)
using Ficoll-Paque Plus (Amersham Bioscience, Buckinghamshire,
UK). PBMCs, suspended in RPMI 1640 medium supplemented
with 10% FBS and 1% antibiotics (Invitrogen), were further used
for the in vitro migration assay in response to chemokines using
0.33-cm? polycarbonate membrane inserts with 5.0-xm pores in 24-
well tissue culture plates (Corning Inc., Corning, NY). The inserts
were preincubated in RPMI 1640 containing 5% FBS for 1 h. Media
were removed, and the inserts were then placed into wells contain-
ing 500 ul media containing different doses (0, 2, 5, 10, 30, or 90
ng/ml) of the recombinant porcine chemokines CXCL9 (rCXCL9),
CXCL10 (rCXCL10), and CXCL11 (rCXCL11) (all from Immuno-
chemistry Technologies, Bloomington, MN). A single-cell suspension
of 1 x 10¢ PBMGCs in a total volume of 200 ul media was loaded
onto the inserts. Then, the plates were incubated at 37°C and in 5%
CO; for 90 min, and cells that had migrated were collected and an-
alyzed. Cells that had migrated to the lower chamber but remained
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attached to the insert were recovered by initially removing the cells
in the upper chamber, as well as any remaining suspension. The at-
tached cells were then recovered by placing the bottom of the insert
into 500 ul ice cold PBS containing 0.05% (w/v) trypsin-EDTA and
tapping lightly. The migration index was calculated as follows: mi-
gration index = [(cell number in the lower chamber with chemokine)
— (cell number in the lower chamber without chemokine)]/(the num-
ber of cells initially added).

To investigate the phenotypes of the migrated cells from PBMCs,
the cells that had migrated following treatment with 10 ng/ml of
chemokines were analyzed using mouse antiporcine CD3e biotin
(clone PPT3; Southern Biotech, Birmingham, AL), CD4 FITC (clone
74-12-4; BD Biosciences, San Jose, CA), CD8a PE (clone 76-2-11;
BD Biosciences), and CD16 biotin (clone FCG7; BD Biosciences).
The biotin-conjugated antibody was detected using allophycocyanin
(APC)-linked streptavidin (BioLegend, San Diego, CA) for CD3* T
cells and NK cells. The cells were incubated for 20 min at 4°C in the
dark, washed, and the expression of the markers was measured using
flow cytometry (FACSCantoll, BD Biosciences). All flow cytometric
data were analyzed using Flow]o software (Tree Star Inc., Ashland,
OR). The entire experiment was independently replicated at least
three times in triplicate with different batches of PBMCs.

Statistical analysis

Data from real-time RT-PCR for CXCL9, CXCL10, CXCL11,
CXCR3, TCRA (T cell receptor ), TCRB (T cell receptor ), and
FCGR3A (Fc fragment of IgG, low affinity Illa, receptor; CD16a)
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expression and histomorphometric quantification for CD3% T cells
during the estrous cycle and pregnancy were subjected to ANOVA
using the General Linear Models procedures of SAS (Cary, NC).
As sources of variation, the model included day, pregnancy status
(cyclic or pregnant, Days 12 and 15 postestrus), and their interac-
tions to evaluate steady-state levels of CXCL9, CXCL10, CXCL11,
CXCR3, TCRA, TCRB, and FCGR3A mRNAs, and CD3" T cell
numbers. Data from real-time RT-PCR performed to assess the ef-
fect of the day of pregnancy (Days 12, 15, 30, 60, 90, and 114) in
the endometrium for the expression of CXCL9, CXCL10, CXCL11,
TCRA, TCRB, and FCGR3A and the effect of the day of pregnancy
(Days 30, 60, 90, and 114) in chorioallantoic tissue for the expression
of CXCL9, CXCL10, and CXCL11, data from IFNG dose-response
studies, and data from histomorphometry were analyzed by least
squares regression analysis. Data from migration assays were ana-
lyzed by one-way ANOVA with dose of chemokines as a source of
variation followed by Tukey post-test. Data are presented as mean
with SEM. Differences were considered significant if P < 0.05.

Results

Expression of CXCL9, CXCL10, CXCL11, and CXCR3
mRNAs in the endometrium during the estrous cycle
and pregnancy in pigs

To determine whether CXCL9, CXCL10, CXCL11, and CXCR3
mRNAs are expressed in the endometrium during the estrous cycle
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Figure 1. Expression of CXCL9 (A), CXCL10 (B), CXCL11 (C), and CXCR3 (D) mRNAs in the endometrium during the estrous cycle and pregnancy in pigs.
Endometrial tissue samples from cyclic and pregnant gilts were analyzed by real-time RT-PCR, and data are reported as expression relative to that detected on
Day 12 of the estrous cycle after normalization of the transcript amount to the endogenous RPL7 control. Data are presented as mean with standard error.
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Figure 2. Expression of CXCL9, CXCL10, CXCL11, and CXCR3 by conceptuses from Day 12 to Day 15 of pregnancy (A) and by chorioallantoic tissues during later
stages of pregnancy (B). (A) RT-PCR analysis of CXCL9, CXCL10, CXCL11, and CXCR3 mRNA in conceptuses on Day 12 and Day 15 of pregnancy was performed
using total RNA preparations. RPL7 was used as a positive control. RTase +/-, with (+) or without (-) reverse transcriptase; M, molecular marker; D12 Endo,
endometrium on Day 12 of pregnancy; D12 Con, Day 12 conceptus; D15 Con, Day 15 conceptus; PBMC, peripheral blood mononuclear cells. (B) Real-time RT-PCR
analysis of the expression of CXCL9, CXCL10, and CXCL11 mRNAs in chorioallantoic tissue samples on Day 30, Day 60, Day 90, and Day 114 of pregnancy.
Expression of CXCR3 mRNA was not detectable in chorioallantoic tissues. Data are reported as expression relative to that detected on Day 30 of pregnancy after
normalization of the transcript amount to the endogenous RPL7 control, and data are presented as mean with standard error.

and pregnancy, we measured their relative abundance in the en-
dometrium during the estrous cycle and pregnancy using real-time
RT-PCR analysis. As shown in Figure 1, real-time RT-PCR analysis
indicated that the abundance of CXCL9, CXCL10, CXCL11, and
CXCR3 mRNA was affected by day, pregnancy status, and day X
status interaction on Days 12 and 15 postestrus (P < 0.05) and were
greater on Day 15 of pregnancy than on Day 15 of the estrous cycle.
During pregnancy, the abundance of CXCL9, CXCL10, CXCL11,
and CXCR3 mRNAs was greatest on Day 15 and was maintained
at a lower abundance during the later stage of pregnancy (linear
effect of day for CXCL9, CXCL10,and CXCR3, P < 0.05; quadratic
effect of day for CXCL11, P < 0.05).

Expression of CXCL9, CXCL10, CXCL11, and CXCR3
mRNAs in conceptuses during early pregnancy,
peripheral blood mononuclear cells, and
chorioallantoic tissues during later stage of pregnancy
Next, we performed RT-PCR using cDNA from conceptuses during
pregnancy and porcine PBMCs and found that CXCL9, CXCL10,
CXCL11, and CXCR3 mRNAs were not detectable in conceptuses
from either Day 12 or 15 of pregnancy (Figure 2A), whereas mRNAs
for CXCL9 and CXCR3 were detectable in porcine PBMCs.

To determine whether the abundance of CXCL9, CXCL10,
CXCL11, and CXCR3 mRNAs changes in chorioallantoic tissues
during pregnancy, real-time RT-PCR analysis was performed. As
shown in Figure 2B, analysis of the abundance of CXCL9, CXCL10,
and CXCL11 mRNAs in chorioallantoic tissues on Days 30, 60, 90,
and 114 of pregnancy revealed that abundance of CXCL9, CXCL10,
and CXCL11 increased in chorioallantoic tissues toward term preg-
nancy (Figure 2B). CXCR3 mRNA was not detectable in chorioal-
lantoic tissues during mid- to term pregnancy.

Localization of CXCL9 and CXCL10 mRNAs and
CXCL11 and CXCR3 proteins in the endometrium
during the estrous cycle and pregnancy in pigs

After analyzing the expression patterns of CXCL9, CXCLI10,
CXCL11, and CXCR3 in the endometrium, we decided to deter-
mine the cell type(s) expressing CXCL9, CXCL10, CXCL11, and
CXCR3 in the endometrium. In situ hybridization analysis showed
that CXCL9 mRNA on Day 15 of pregnancy was localized mainly
to vascular endothelial cells (Figure 3A), and CXCL10 mRNA was
localized exclusively to subepithelial stromal cells and endothelial
cells (Figure 3B). Signals for CXCL9 and CXCL10 mRNA localiza-
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Figure 3. Localization of CXCL9 (A) and CXCL10 (B) mRNAs by in situ hy-
bridization analysis and CXCL11 (C) and CXCR3 (D) proteins by immunohis-
tochemistry in the endometrium on Day 15 of the estrous cycle and pregnancy
in pigs. Representative uterine sections from Day 15 of pregnancy hybridized
with DIG-labeled sense CXCL9 or CXCL10 cDNA probes (Sense) as a negative
control for CXCL9 and CXCL10 are shown for in situ hybridization analysis.
Representative uterine sections from Day 15 of pregnancy immunostained
with normal rabbit IgG as a negative control (D15P IgG) for CXCL11 and
CXCR3 are shown for immunohistochemistry analysis. D, Day; C, estrous
cycle; P, pregnancy; LE, luminal epithelium; GE, glandular epithelium; St,
stroma; BV, blood vessels; Sm, smooth muscle; En, endothelial cell. Scale bar
=100 um and 50 um in inset.

tion were rarely detectable in the endometrium during other days of
pregnancy (data not shown).

Immunohistochemistry analysis demonstrated that the CXCL11
protein was localized mainly in smooth muscle cells of the blood
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Figure 4. Effects of IFNG on CXCL9 (A), CXCL10 (B), CXCL11 (C), and CXCR3 (D) mRNA levels in endometrial explant cultures. Endometrial explants from gilts
on Day 12 of the estrous cycle were cultured with 0, 1, 10, or 100 ng/ml IFNG. Abundance of mRNA expression determined by real-time RT-PCR analyses was
relative to that for CXCL9, CXCL10, CXCL11, and CXCR3 mRNAs in the control group (0 ng/ml IFNG) of endometrial explants after normalization of transcript
amounts to RPL7 mRNA. Data are presented as mean with standard error. These treatments were performed in triplicate using tissues obtained from each of

the three gilts.

vessels on Day 15 of pregnancy (Figure 3C). CXCR3 protein was
detected primarily in vascular endothelial cells on Day 15 of preg-
nancy, similar to that for CXCL9 mRNA (Figure 3D). Immunohisto-
chemistry analysis for CXCL9 and CXCL10 could not be performed
due to the lack of appropriate antibodies.

Effects of IFNG on CXCL9, CXCL10, CXCL11, and

CXCR3 expression in uterine endometrial tissues

Based on our results that the abundance of CXCL9, CXCL10,
CXCL11, and CXCR3 mRNAs in the endometrium was greatest on
Day 15 of pregnancy, we next asked what factor(s) regulate CXCL9,
CXCL10, CXCL11, and CXCR3 expression in the endometrium.
Since IFNG and IFND of conceptus origin are secreted into the uter-
ine lumen, with the greatest abundance occurring on around Day 15
of pregnancy [1, 35], and the expression of many endometrial genes
is regulated by these IFNs in pigs [11, 36], we hypothesized that
IFNG may affect the expression of CXCL9, CXCL10, CXCL11,
and CXCR3 in the endometrium. We treated endometrial explant
tissues from Day 12 of the estrous cycle with increasing doses of
IFNG. As shown in Figure 3, the abundance of CXCL9, CXCL10,
and CXCL11 mRNAs increased in tissues treated with increasing
doses of IFNG (linear effect of dose for CXCL9, CXCL10, and

CXCL11, P < 0.01), but the abundance of CXCR3 mRNAs was
not affected by IFNG.

Effects of CXCL9, CXCL10, and CXCL11 on migration of
peripheral blood mononuclear cells

As the abundance of the CXCL9, CXCL10, and CXCL11 mRNAs
in the endometrium during pregnancy was greatest on Day 15 (Fig-
ures 1, 3, and 4), and because it is known that the CXCL9, CXCL10,
and CXCL11 proteins are chemoattractant cytokines [17], and
that expression of CXCR3 mRNA is detectable in porcine PBMCs
(Figure 2A), we hypothesized that CXCL9, CXCL10, and CXCL11
may affect immune cell recruitment into the endometrium dur-
ing early pregnancy. Thus, we analyzed the chemotactic effect of
the CXCL9, CXCL10, and CXCL11 proteins on the migration of
PBMC:s. As shown in Figure 3, treatment with rCXCL9 at 10 ng/ml
or greater doses and rCXCL10 and rCXCL11 at 2 ng/ml or greater
doses significantly increased migration of PBMCs compared to the
control (P < 0.035).

Next, to verify whether the infiltration of T cells and NK cells
into the endometrium during early pregnancy was indeed affected
by these chemokines, we analyzed the effects of rCXCL9, rCXCL10,
and rCXCL11 on the migration of CD4", CD8", and CD4*CD8*
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Figure 5. Effects of CXCL9 (A), CXCL10 (B), and CXCL11 (C) on migration of PBMCs. Peripheral blood mononuclear cells (PBMCs) were loaded onto an insert
placed into a well of a 5.0-um-pore transwell plate containing complete media with chemokines (0, 2, 5, 10, 30, or 90 ng/ml of rCXCL9, rCXCL10, or rCXCL11).
The plate then was incubated at 37°C and 5% CO; for 90 min, and the total number of cells that had migrated was counted. The experiment was replicated at
least three times in triplicate, with different batches of PBMCs from different gilts. Data are presented as mean with standard error.

T cells and NK cells among PBMCs. As shown in Figure 6, treat-
ment with rCXCL9, rCXCL10, and rCXCL11 significantly increased
the number of migrated CD4" T cells (P < 0.01 for rCXCL9 and
rCXCL11; P < 0.01 for rCXCL10) and NK cells (P < 0.001
for rCXCL9, rCXCL10, and rCXCL11). In addition, rCXCL9,
rCXCL10, but not rCXCL11, significantly increased the number of
migrated CD8* (P < 0.001 for rCXCL9; P < 0.01 for rCXCL10) and
CD47CD8" T cells (P < 0.01 for rCXCL9; P < 0.05 for rCXCL10)
compared to the control.

Expression of TCRA, TCRB, and FCGR3A mRNAs and
immunohistochemical analysis of CD3* T cells in the
endometrium during the estrous cycle and pregnancy
in pigs

Having determined that CXCL9, CXCL10, and CXCL11 proteins
increased the migration of T cells and NK cells, we next asked if
the infiltration of T cells and NK cells into the endometrium in-
creases at the time of endometrial CXCL9, CXCL10, and CXCL11
induction. Thus, we analyzed the expression of T cell receptor «
and B chains TCRA and TCRB and an NK cell marker FCGR3A
in the endometrium during the estrous cycle and pregnancy using
real-time RT-PCR analysis. As shown in Figure 7A-C, the abun-
dance of TCRA, TCRB, and FCGR3A mRNAs was affected by day,
pregnancy status, and day X status interaction on Days 12 and 15
postestrus (P < 0.01) and was greater on Day 15 of pregnancy than
on Day 15 of the estrous cycle. During pregnancy, the abundance of
TCRA, TCRB, and FCGR3A mRNAs was greatest on Day 15 and
decreased thereafter (linear effect of day for TCRA and TCRB, but
not for FCGR3A, P < 0.05).

Furthermore, we localized CD3* T cells by immunohistochem-
istry and measured the number of CD3" T cells by histomorphom-
etry in the endometrium during the estrous cycle and pregnancy. As
shown in Figure 7D, CD3™" T cells were detected in the endometrium
with the increased number of endometrial CD3" T cells on Day 15
of pregnancy. CD3" T cells were also detected in adult spleen that
was used as a positive control tissue. Histomorphometric analysis
showed that the number of CD3" T cells in the endometrium was
affected by day, pregnancy status, and day X status interaction on
Days 12 and 15 postestrus (P < 0.05) and greater on Day 15 of
pregnancy than on Day 15 of the estrous cycle. During pregnancy,
the number of CD3" T cells was greatest on Day 15 and decreased
thereafter (linear effect of day, P < 0.01) (Figure 7E).
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Figure 6. Effects of CXCL9 (A), CXCL10 (B), and CXCL11 (C) on migration
of CD4+, CD8*, CD4*CD8* T cells, and NK cells. Peripheral blood mononu-
clear cells (PBMCs) were loaded onto an insert placed into a well containing
500 ml of complete media alone or media containing 10 ng/ml of rCXCL9,
rCXCL10, or rCXCL11. Migrated cells were examined by staining with mouse
antiporcine CD3, CD4, CD8a, and CD16 antibodies. CD3* T cells and NK cells
(CD3-CD8a*CD16%) were analyzed by flow cytometry. The experiment was
replicated at least three times in triplicate with different batches of PBMCs
from different gilts. Data are presented as mean with standard error.
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Figure 7. Expression of TCRA (A), TCRB (B), and FCGR3A (C) mRNAs and analysis of CD3" T cells by immunohistochemistry (D) and histomorphometry (E) in the
endometrium during the estrous cycle and pregnancy in pigs. (A-C) Endometrial tissue samples from cyclic and pregnant gilts were analyzed by real-time RT-
PCR, and data are reported as expression relative to that detected on Day 12 of the estrous cycle after normalization of the transcript amount to the endogenous
RPL7 control. Data are presented as mean with standard error. (D) Localization of CD3" T cells by immunohistochemistry in the endometrium. A tissue section
from adult spleen stained with anti-CD3 antibody is shown as a positive control, and a tissue section from endometrium on Day 15 of pregnancy stained with
normal rabbit IgG served as a negative control (D15P IgG). D, Day; C, estrous cycle; P, pregnancy; LE, luminal epithelium; GE, glandular epithelium; St, stroma;
BV, blood vessels; CE, chorionic epithelium. Scale bar = 100 um. (E) Histomorphometric quantification of CD3* T cells in the endometrium. Immunostaining
signals for CD3" T cells throughout endometrial tissues was assessed by scanning using a TissueFAXS cytometer and analyzed by HistoQuest software. The

software measured mean signal intensity, and data are presented as mean with standard error.

Discussion

The significant findings of the present study are as follows:
(1) CXCL9, CXCL10, CXCL11, and their receptor CXCR3
are expressed in the endometrium in a pregnancy status and
stage-dependent manner during preganncy; (2) CXCL9, CXCL10,
CXCL11, and CXCR3 mRNAs are not detectable in early-stage
conceptuses, while CXCL9, CXCL10, CXCL11, but not CXCR3,
mRNAs are expressed in chorioallantoic tissues during late preg-
nancy; (3) endometrial expression of CXCL9, CXCL10, CXCL11,
and CXCR3 is cell-type-specific; (4) IFNG increases the expression
of CXCL9, CXCL10, CXCL11, but not CXCR3, mRNAs in en-
dometrial tissues; (5) rCXCL9, rCXCL10, and rCXCL11 induce
migration of CD4", CD8%, CD4"CDS8" T cells, and/or NK cells,
and (6) the expression of TCRA, TCRB, and FCGR3A mRNAs and
the number of CD3" T cells in the endometrium were greatest on
Day 15 of pregnancy. To the best of our knowledge, this is the first
report characterizing the expression profiles of CXCL9, CXCL10,
and CXCL11 and their roles at the maternal-conceptus interface
during pregnancy in pigs.

The expression of CXCL9, CXCL10, and CXCL11, and their re-
ceptor CXCR3 at the maternal-conceptus interface has been demon-

strated in humans, sheep, and goats [24-26, 28]. In pigs, we found
that CXCL9, CXCL10, CXCL11, and CXCR3 mRNAs were also
expressed in the endometrium with unique expression patterns dur-
ing pregnancy. Especially, the abundance of CXCL9, CXCL10,
CXCL11, and CXCR3 mRNAs were greatest on Day 15 of preg-
nancy and decreased thereafter, making us to hypothesize that these
chemokines are involved in recruitment of immune cells into the
endometrium during the implantation period. The finding of great
abundance of CXCL9, CXCL10, and CXCL11, and their receptor
during early pregnancy in pigs is similar to the result shown in sheep
and goat, in which the expression of these chemokines is abundant
at the time of implantation [27, 28], although mRNA expression
was not monitored throughout the whole gestation period in those
species.

The implanting conceptuses secrete a great amount of IFNs (i.e.,
IFND and IFNG) between Days 14 and 16 of pregnancy in pigs;
in ruminants, a great amount of IFNT are secreted between Days
13 and 21 of pregnancy [1]. It has been shown that IFNs induce
CXCL9, CXCL10, and CXCL11 mRNAs in many tissues [20].
Since our study showed that the abundance of CXCL9, CXCL10,
CXCL11, and CXCR3 mRNAs were greatest on Day 15 of
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pregnancy, coincident with a great amount of IFND and IFNG se-
cretion by conceptuses, we hypothesized that these IFNs might in-
crease the endometrial expression of CXCL9, CXCL10, CXCL11,
and CXCR3 mRNAs. Indeed, IFNG increased the expression of
CXCL9, CXCL10, and CXCL11, but not CXCR3, mRNAs in en-
dometrial explant tissue cultures in the present study. In sheep, it has
been shown that IFNT induces CXCL10 expression in endometrial
monocytes [27]. Collectively, IFNG of conceptus origin may induce
the expression of CXCL9, CXCL10, and CXCL11 mRNAs in the
endometrium during the implantation period in pigs. Furthermore,
conceptus-derived IFNs may be responsible for the induction of
endometrial CXCL9, CXCL10, and CXCL11 expression during
the implantation period in pigs and sheep. The effect of IFND on
endometrial CXCL9, CXCL10, and CXCL11 expression, together
with a regulatory mechanism for endometrial CXCR3 expression,
has yet to be further defined.

In the human endometrium, it has been shown that the expres-
sion of CXCL9, CXCL10, and CXCL11 is localized to endome-
trial epithelial cells and stromal cells [24, 25]. In sheep, CXCL10
expression is localized to endometrial stromal cells, most likely im-
mune cells [27]. In the present study of pigs, CXCL9 mRNA was
predominantly localized to endothelial cells of blood vessels, while
CXCL10 mRNA localized in subepithelial stromal and endothe-
lial cells of blood vessels, but not in epithelial cells. In addition,
CXCL11 protein was mainly detected in the smooth muscle cells
of blood vessels. These results indicate that CXCL9, CXCL10, and
CXCL11 in the endometrium are expressed in a species-specific and
cell-type-dependent manner. CXCR3 expression has been shown
mainly on immune cells, including T cells, dendritic cells, mono-
cytes, and NK cells, and some other cell types, such as endothe-
lial cells and neurons [19]. CXCR3 expression in the human en-
dometrium has been demonstrated in epithelial cells, stromal cells,
and uterine NK cells [25, 26]. In the present study, CXCR3 pro-
tein was localized to vascular endothelial cells in the endometrium.
In addition, CXCR3 mRNA was abundantly expressed in PBMCs.
Localization of CXCL9, CXCL10, CXCL11, and their receptor
CXCR3 in the porcine endometrium during early pregnancy sug-
gests that these chemokines may act not only on vascular en-
dothelial cells in an autocrine and/or paracrine manner, but also
on PBMCs.

Expression of chemokines and their receptors in the implant-
ing conceptus has been demonstrated in several species. In humans,
CXCL12 is expressed in invading trophoblasts to recruit uterine NK
cells into decidua, and CXCL16 induces invasiveness and growth of
trophoblasts [37-39]. In addition, CX3CL1, CCL7, and their recep-
tors are expressed in the placenta to promote migration and invasion
of trophoblasts in humans [40]. Ectoplacental cone trophoblasts in
mice express CCR3, CCRS, and CXCR4, while CXCL14 expressed
by trophoblast inhibits trophoblast outgrowth [41]. In pigs, CCL4
and its receptor ACKR2 (atypical chemokine receptor 2) are ex-
pressed in the early-stage conceptus, although their function at the
maternal-conceptus interface is not well understood [42, 43]. Our
recent study demonstrated that porcine conceptuses express CCR10,
a receptor for CCL28 expressed in the endometrium and concep-
tus [44]. Moreover, CCL28 induces proliferation and migration of
porcine trophectoderm cells by activating the CCR10 signaling path-
way. In sheep and goats, CXCR3 is expressed in conceptuses during
the implantation period, CXCL9 and CXCL10 increase adhesion
of ovine trophectoderm cells to extracellular matrix proteins, and
CXCL10 increases the migration of caprine trophoblast cells [28,
29]. However, in the present study in pigs, we found that expression

of CXCL9, CXCL10, CXCL11, and CXCR3 mRNAs was rarely
detectable in the conceptus during early pregnancy. It is probable
that chemokines involved in proliferation, migration, and adhesion
of trophectoderm cells during the initial stage of implantation are dif-
ferent between pigs and ruminants, even though these species form a
similar epitheliochorial type of placenta. Interestingly, we observed
that chorioallantoic tissues during late pregnancy in pigs expressed
CXCL9,CXCL10,and CXCL11 mRNAs, but not CXCR3 mRNAs.
However, the roles of CXCL9, CXCL10, and CXCL11 derived from
chorioallantoic tissues during late pregnancy still need to be investi-
gated.

Given that the primary role of chemokines is chemotaxis [19],
and that CXCR3 is expressed in PBMCs, we hypothesized that
CXCL9, CXCL10, and CXCL11 produced by endometrial cells may
act on recruitment of immune cells from circulating blood into the
endometrial tissues. Indeed, CXCL9, CXCL10, and CXCL11 in-
creased migration of PBMCs, suggesting that these cytokines may
act on recruitment of immune cells into the endometrium. To fur-
ther understand which types of cells among PBMCs are recruited, we
analyzed the numbers of CD4* T cells, CD8* T cells, CD4*CD8* T
cells, and NK cells that migrated when exposed to CXCL9, CXCL10,
and CXCL11. T cells and NK cells are the major cell types expressing
CXCR3 among immune cells [19], and these cell types are known
to play important roles at the maternal-conceptus interface dur-
ing pregnancy [45, 46]. Interestingly, migration of CD4" T cells
and NK cells was increased by rCXCL9, rCXCL10, and rCXCL11,
while migration of CD8" and CD4+tCDS8* T cells was increased by
rCXCL9, rCXCL10, but not rCXCL11, suggesting different biologi-
cal activities of CXCL9, CXCL10, and CXCL11 on the migration of
immune cells. It has been reported that CD4" T cells, CD8" T cells,
and NK cells are present in the porcine endometrium during early
pregnancy [45-48]. In this study, we also analyzed the expression
of TCRA, TCRB, FCGR3A mRNAs and the number of CD3T T
cells in the endometrium to determine the infiltration of T cells and
NK cells into the endometrium at the time of endometrial CXCL9,
CXCL10, and CXCL11 induction. Our data showed that the abun-
dance of T cell receptor subunits TCRA and TCRB expression, the
number of CD3* T cells in the endometrium, and the abundance of
an NK cell surface marker FCGR3A (CD16) expression were great-
est on Day 15 of pregnancy and decreased thereafter throughout
gestation. Thus, these data suggest that T cells and NK cells in the
endometrium during early pregnancy are recruited, at least in part,
by CXCL9, CXCL10, and/or CXCL11 produced by endometrial
cells in response to IFNG of conceptus origin. However, further in-
vestigation will be required to obtain in vivo evidence for these and
any other factor(s), if any, of their involvement in T and NK cell
recruitment into the endometrium at the time of implantation.

Although we did not further investigate the effects of CXCL9,
CXCL10, and CXCL11 on endothelial cells, which express CXCR3,
it has been shown that they mediate angiostatic activity by inhibit-
ing proliferation and tube formation of endothelial cells at the late
stage of the wound healing process and activate dissociation of
newly formed blood vessels [49-51]. In addition, CXCL10 induces
transendothelial migration of T cell in the presence of endothelial
cells [52], and regulatory T cell recruitment to the endothelial cells
is promoted by the presence of CXCR3 [53]. These findings sug-
gest the possibility that CXCL9, CXCL10, and CXCL11 may act on
endothelial cells expressing CXCR3 to regulate endothelial prolifer-
ation and the integrity of blood vessels and activate the infiltration
of immune cells into the endometrium at the time of implantation in

pigs.
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In conclusion, our results indicate that the chemokine ligands
CXCL9, CXCL10, and CXCL11 and their receptor, CXCR3, are ex-
pressed in the endometrium in a pregnancy stage-dependent and cell
type-specific manner, with the greatest abundance being expressed
on Day 15 of pregnancy. IFNG of conceptus origin induces endome-
trial expression of CXCL9, CXCL10, and CXCL11, which, in turn,
may act on the recruitment of CD4*, CD8", CD4*CD8" T cells,
and NK cells into the endometrium during early pregnancy. These
results provide important insights into the regulation of maternal
immune responses to IFNG from the developing conceptus at the
maternal-fetal interface in pigs, which form a true epitheliochorial
placenta.
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