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ABSTRACT

Infertility and subfertility reduce the economic vi-
ability of dairy production. Inflammation reduces
conception rates in dairy cattle, but surprisingly
little information exists about the populations and the
functions of immune cells at the conceptus—maternal
interface during the periattachment period in dairy
cattle. Early pregnancy is accompanied by immune
stimulation at insemination and conceptus secretion
of IFN-t, pregnancy-associated glycoproteins, pros-
taglandins, and other molecules whose effects on im-
mune function during early pregnancy have not been
determined. Our working hypothesis is that pregnancy
induces changes in immune cell populations and func-
tions that are biased toward immunological tolerance,
tissue remodeling, and angiogenesis. This review sum-
marizes current knowledge, starting with insemination
and proceeding through early pregnancy, as this is the
period of maximal embryo loss. Results indicated that
early pregnancy is accompanied by a marked increase
in the proportion of endometrial immune cells express-
ing markers for natural killer (CD335) cells and cy-
totoxic T cells (CD8) along with an increase in cells
expressing major histocompatibility class II antigens
(macrophages and dendritic cells). This is accompanied
by increased abundance of mRNA for IL-15, a natural
killer growth factor, and IL-10 in the endometrium
during early pregnancy. Furthermore, expression of
indoleamine 2,3 dioxygenase was 15-fold greater in
pregnant compared with cyclic heifers at d 17, but then
declined by d 20. This enzyme converts tryptophan to
kynurenine, which alters immune function by creating
a localized tryptophan deficiency and by activation of
the aryl hydrocarbon receptor and induction of down-
stream tolerogenic mediators. Expression of the aryl
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hydrocarbon receptor is abundant in the bovine
uterus, but its temporal and spatial regulation
during early pregnancy have not been
characterized. Pregnancy is also associated with
increased expression of proteins known to
inhibit immune activation, including pro-gramed
cell death ligand-1 (CD274), lymphocyte ac-
tivation gene-3 (CD223), and cytotoxic T-
lymphocyte associated protein-4 (CD152). These
molecules interact with receptors on antigen-
presenting cells and induce lymphocyte tolerance.
Current results support the hy-pothesis that early
pregnancy signaling in dairy heifers involves
changes in the proportions of immune cells in
the endometrium as well as induction of
molecules known to mediate tolerance. These
changes are likely essential for uterine wall
remodeling, placentation, and successful pregnancy.
Key words: bovine, immune, conceptus,
lymphocyte, uterus

INTRODUCTION AND HISTORICAL
PERSPECTIVE

This review is a synthesis of recent
developments in understanding about the earliest
immunological signal-ing between the conceptus
and dam in cattle.

The question of whether a cow
“settled” following insemination is as old
as animal  agriculture. Histori-cally, the
challenge was 2-fold; first, making sure the

cow was exposed to the bull at the appropriate
stage of the estrous cycle to conceive, and
second,  determin-ing whether the pregnancy
actually “took” so the cow
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would deliver a healthy calf. Detection of the
conceptus  was a  high-stakes  event  for
early farmers, and failure of a cow to calve
could mean the difference between  health
and prosperity and hunger and poverty.

As animal scientists began to understand the
physiol-ogy of early pregnancy, R. V. Short
conceptualized the biology of conceptus detection
with the phrase “mater-nal recognition of
pregnancy” (see Bazer, 2015), which referred to
maternal responses to the conceptus.
These responses resulted in rescue of the corpus
luteum and continued production of progesterone.

For the cow and related ruminants, this was
a  direct response to con-ceptus signaling
mediated by the uterus. For farmers,
maternal recognition of pregnancy allowed for

indirect detection of the conceptus (pregnancy)
by monitoring changes in maternal physiology
(production of proges-terone and suppression of
estrous behaviors).

Greater insight into signaling between the dam
and conceptus yielded a growing
recognition that preg-nancy was not binary
(it was not merely pregnant or not pregnant);
rather, there were degrees of quality of the

pregnancy. It became increasingly clear
that suboptimal  pregnancies  could  have
lifelong (program-ming)  effects on the
offspring  (growth, production, health). This

concept took hold with the work of Da-vid
Barker studying human offspring from the Dutch
Hunger Winter during World War II as they
matured through adulthood (Barker, 1998). The

key finding underpinning the Barker
Hypothesis (also known as the thrifty phenotype
hypothesis)  was  that fetuses that were

gestated under starvation conditions were able to
progress to term but they exhibited an increased
inci-dence of a variety of chronic diseases as
they matured into adulthood and old age.
Thus, fetuses  gestated in nutritionally
restricted conditions developed a  thrifty
phenotype to ensure their survival if these
conditions persisted after birth. However, this
fetal programming had consequences for the
length and quality of life. In a practical sense,
dairy farmers understand that birth weight is
correlated with weaning weight and lifetime
productivity (Rumph and Van Vleck, 2004;
Kertz et al., 2017). Advances in genetics and

epigenetics are beginning to reveal the myriad
ways the dam “detects,” responds to, and can
program the conceptus that have lifelong
implications for the offspring (Sandra et
al., 2015).

Central to this communication is the
establishment of a placenta—the
structural, metabolic, endocrine, and
immune interface between the fetus and the

mother (Schlafer et al., 2000; Peter, 2013). It is
a partnership with risks and rewards for the
mother, and its  forma-tion requires a
biochemical dialog to be established with the
conceptus. Sir Joseph Barcroft captured the
importance of the placenta and the essence of
this dia-

log when he eloquently stated, “the stage is set
before the play commences” (Barcroft, 1934). With
this state-ment, he intimated that the quality of
the pregnancy is dictated by the quality of the
placenta  (the stage) which grows first,
“anticipating” the needs of the fetus in late
pregnancy (Barcroft and Barron, 1946). And
although early studies focused on structural,
metabolic, and endocrine aspects of  the
placenta, this changed with the understanding
that the quality of the placenta traces back to
the earliest signals between placenta and
conceptus occurring during the peri-implantation
period. It soon became clear that this close
association between  tissues (placental and
uterus) of genetically distinct individuals was
unique.

The truly remarkable nature of this histo-
incompat-ible partnership was
compellingly articulated by Sir Peter Medawar
more than 60 yr ago (Beer and Bill-ingham,
1970). Medawar, a transplantation biologist,
is  credited with establishing the field
of reproductive immunology, with early
studies on the mechanisms of  tissue
transplant  rejection and contributions to
under-standing the role of histocompatibility
molecules in  this  process. Equipped with
new insight into how the im-mune system
rejects  transplanted tissue from individu-als
that were not histocompatible, Medawar
was struck by how the mother could gestate
an immunologically distinct (semi-
allogeneic) conceptus for the course of gestation
without provoking an immune response that
would reject the fetal allograft. To explain this
phe-nomenon, he put forward 3 postulates: (1) the
placenta is a barrier to maternal immune cells;
(2) the mother is immunologically
suppressed during pregnancy; and (3) the
conceptus “hides” from the mother’s immune
system by altering expression of
histocompatibility molecules. More than 60 yr
after his observations on the enigma of
viviparity, there is still much to learn about
this transient relationship that is essential
for survival for all viviparous species.

BRIEF OVERVIEW OF THE IMMUNE SYSTEM

The bovine immune system participates in
a complex series of cellular interactions essential
for life  (Lippolis,  2008;  Sordillo, 2016).
These interactions are designed to detect and
eliminate invading pathogens and stressed or
damaged cells or  tissues. = They  mediate
angiogenesis and hemostasis and participate in
tissue homeostasis. Cells of the immune
system contain surface proteins that receive
and  transmit instructions from and  to
somatic cells and between one another. They
release and respond to activating, inhibiting,
and summoning hormones (cytokines) that
result in a finely tunable response tailored to
the challenge. Specific immune cell subtypes
carry hydrolytic enzymes and reactive oxygen
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species that kill damaged or infected cells and
they possess phagocytic activity to engulf
pathogens and debris for removal, recycling,
and tissue repair. Other cell types produce
antibodies that coat invaders to aid in their
phagocytosis and clearance from the body.

Interestingly,  the  immune  system is
“teachable.” First, during development, the
immune system is educated to differentiate
self from non-self and, later, following a
pathogen challenge, memory cells “remember”
the nature of foreign invaders so that subsequent
invasions are repelled more rapidly. This
memory component of the immune system is
the biological underpinning of vaccination
programs, and is arguably one of the great-est
health advances in the history of agriculture
and medicine (Ball et al., 1998). Thus, the
immune system of multicellular organisms
sits at the very core of physi-ological processes
that mediate life and death.

The most primitive component of the
immune  sys-tem is the innate arm,
consisting of  phagocytic  cells  containing

hydrolytic enzymes that can punch holes in
membranes and engulf and destroy pathogens

and damaged or infected cells. Granulocytes
(neutrophils, basophils, and eosinophils),
monocytes,  macrophages, and dendritic
cells are the primary cellular compo-
nents of innate immunity.  Neutrophils
are abundant, short-lived, phagocytic
granulocytes  that contain  en-zymes  and
bactericidal  proteins and  peptides among

other powerful chemical mediators (Bassel and
Caswell, 2018). Neutrophils are an abundant
leukocyte in the blood and they are the first
responders during an infec-tion, engulfing and
destroying pathogens while compo-nents of the
adaptive immune system are called to the site of
infection and educated about the nature of the

pathogen.

Monocytes circulate in the blood until called
into tissues where they differentiate into
macrophages and dendritic cells.

Monocyte-derived macrophages are the aptly
named “big eaters.” Macrophages play complex

roles in the immune response that range
from proin-flammatory (M1) to anti-
inflammatory (M2) pheno-types (Hussen and

Hans-Joachim, 2017). Macrophages phagocytize
at the site of infection or damage, and they
summon and educate other immune cell types
by dis-playing small fragments of the invading
pathogen (an-tigen presentation) to cells of
the adaptive arm of the immune system and
providing cytokine signals to help direct
their development. These antigens,
displayed on the cell surface along with the
cytokines released by  macrophages, help
educate bone marrow-derived B cells and
thymus-derived T cells. The T cells can be
activated to T helper (Th)l, Th2, Thl7, and T
regula-tory (Treg) phenotypes that shape the

immune cell’s response to a  pathogen
(Lippolis, 2008).  Macrophages also  help
turn off an immune response to limit tissue
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damage. For example,
inflammatory cytokines including IL-10 and
IL-4 that inhibit further ~Thl  activation
and promote Th2 cell proliferation. Active
Treg cells play a similar role in
resolving the immune response to infection.
This provides for a balanced response to
infection designed to defeat the invaders but
also  limit  tissue damage resulting from
inflammation.

Dendritic cells populate the outer boundaries of
mu-cosal tissues, including the
reproductive tract, engulf-ing particles
from their surroundings. Once activated
by a pathogen, dendritic cells leave the tissue
via the lymphatic system and travel to
draining lymph nodes, where they present
their antigens to T and B cells and alert
them to the mnature of the invading
pathogen. In this regard, dendritic cells serve as
“sentries on the cas-tle walls” ready to raise the
alarm of incoming invaders.

Macrophages and other antigen-presenting
cells (APC) also display antigens to B cells,
and the B cells that bind the antigen are
stimulated to prolifer-ate rapidly and transform
into plasma cells that can produce thousands

they produce anti-

of antibody molecules per second targeted
against the invading pathogen (Prieto and
Felippe,  2017).  Professional ~APC, such
as macrophages and dendritic cells,
display antigens bound to major
histocompatibility complex (MHC) class 1I
molecules (MHC 1II). Antigen presentation

provides information about the nature of the
pathogen along with co-stim-ulatory signals
that  help direct the adaptive immune
response.

Somatic  (nonimmune)
antigens on their surface
activate immune cells but use
molecules instead. Molecules presented with
class I MHC on somatic cells activate
cytotoxic T  and natural killer (NK) cells
and result in cell kill-ing. Interestingly,
expression of «class I MHC molecules is
routinely “reviewed” by NK cells. Somatic
cells not expressing class I MHC or
expressing class I MHC bound to molecules
associated with cellular stress or damage can
trigger NK cell killing (Boysen and Storset, 2009).
In this regard, class I MHC is a type of cellular
identification card that must be correctly
displayed to avoid NK attack. Inappropriate
expression of class I MHC allows NK cells to
identify and eliminate cancer cells. It is these
MHC molecules that define “self” and that must
be closely matched to allow for successful
tissue transplantation. Class I MHC are highly
variable between individuals, and the early study
of these his-tocompatibility molecules is what
stimulated Medawar to ponder how the mother’s
immune system tolerated paternal MHC
I expression on cells of the developing
conceptus during pregnancy.

Thus, the immune system is prepared to
immediately defend the body using physical and
chemical barriers

cells also display
that can

MHC class 1
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and secreted antimicrobial and

immune-modulating proteins and via
activation of innate immunity trig-gered by
recognition of pathogen-associated molecular
patterns (PAMP). This rapid and robust
response is  typically sufficient to fight off
invaders. If this is mnot the case, innate
immunity buys time to allow the adaptive
immune system to be activated and deploy

a potent army of antibody-producing B and T
cells specifically tuned to the invader. For a more
detailed review of the immune system, the reader
excel-lent

is directed to several reviews

(Lippolis, 2008; Sordillo 2016).

IMMUNOLOGICAL DETECTION
OF THE BOVINE CONCEPTUS

Mating-Induced Immune Response

Before discussing immune detection of the early
con-ceptus, it is important to point out that the first
immune stimulus associated with
establishment of pregnancy occurs at mating.
Several labs have demonstrated that
insemination results in a robust maternal
immune re-sponse in the female reproductive
tract (reviewed by Schjenken and Robertson,
2014, and Bromfield, 2018). This is especially
true in intrauterine inseminating spe-cies such
as swine and horses, but also holds for cattle
and sheep (Bischof et al., 1995; Portus et al., 2005;
Scott et al., 2009; Bromfield, 2018). This is
not surprising given the large number of
antigens introduced into the female reproductive
tract at mating and the existence of sexually
transmitted infections. Evidence indicates that
this first signaling is important for fertility and
optimal pregnancy in rodents. However, in
cattle, the importance of this signaling is
currently not clear. The fact that embryo
transfer results in  high pregnancy rates
also suggests that there is no absolute require-
ment for immunological signaling before the
onset of conceptus elongation around d 13
to 15 of pregnancy. Furthermore, adding
seminal plasma back at insemina-tion in dairy
and beef cattle did not improve pregnancy rates
(Odhiambo et al., 2009). Pregnancy rates
follow-ing embryo transfer are typically
equal to or greater than those obtained by
natural mating or the best Al programs.
However, what remains to be determined
is  whether the immune response to
insemination has programming effects on
the mother or conceptus that affect the
quality of the offspring (Bromfield, 2018).

Immunological Recognition of the Conceptus

Following hatching from the zona pellucida
around Day 8 to 9, the conceptus has several
major hurdles to overcome during the
periattachment  period. It  must  ensure
continued progesterone production by the cor-

pus luteum. It must avoid attack by maternal
immune cells and induce endometrial remodeling to
support for-mation of the placenta. These 2 tasks are
accomplished, in part, by redistributing maternal

immune cells and altering their function to
ensure the appropriate mater-nal response to
conceptus alloantigens (Oliveira et al., 2012,

2013; Hansen, 2014; Ott et al., 2014). However,
relatively little is known about the effects of the
con-ceptus or its secretions on the proportions and
function of uterine immune cells during the

period of maternal recognition of pregnancy in
cattle (d 15-20).
Conceptus  signals drive immune responses

toward tolerance and secretion of cytokines that
promote pla-cental growth and function. This shift
is characterized by reduced expression of cytokines

associated with inflammation (Thl/Thl7) and
increased expression of cytokines that suppress
inflammation  (Th2; Weg-mann et al, 1993;

Oliveira et al., 2013). This theory, referred to as the
Th1-Th2 shift, has strong support in the literature.
However, it oversimplifies the diverse ar-ray of
immune cell responses typically observed during
early pregnancy. Furthermore, this terminology
relates primarily to immune responses to
pathogens. Clearly, pregnancy is a different stimulus
for the immune system. In addition, although these
terms may help define the immune response,
pregnancy-induced immune changes clearly involve
both activation and suppression of im-mune
functions (Oliveira et al., 2013; Ott et al., 2014;
Kwak-Kim et al., 2014; Hansen, 2014). Relatively
little is known about the effects of pregnancy, I[FN-1
(IFNT) or other conceptus secretory proteins on
uterine im-mune cells during the periattachment
period in dairy cattle (blastocyst hatching to ~d
15 to 25). This is a period of substantial embryo
loss (Diskin et al., 2011).

Local (Uterine) Inmune Responses to the
Conceptus

studies have examined the
tran-scriptome during the
periattachment  period in cattle, and these
studies  consistently identify immune function
genes and pathways as being the most highly
regulated during early pregnancy (Spencer et
al., 2008; Walker et al., 2010; Cerri et al.,
2012; Bauersachs and  Wolf, 2015). Fewer
studies focus on changes in uterine im-mune cell
populations in ruminants during this same time
(Leung et al., 2000; Oliveira et al., 2013; Kamat et
al., 2016; Vasudevan et al., 2017) compared with
more extensive literature for later pregnancy and the
peripar-turient period (Nasar et al., 2002; Tekin
and Hansen, 2002; Oliveira and Hansen, 2008,
2009; Oliveira et al., 2010; Fox et al., 2010).
Furthermore, much of the work in this field
occurred more than 15 yr ago, when -cellu-lar
morphology alone (Vander Wielen and King, 1984)
or poorly characterized antibodies (Gongolin-
Ewens

Several
endometrial
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et al, 1989; Lee et al., 1988) were used to
identify immune cell populations. In
addition, many of these studies were done in
sheep or involved too few  animals or
slaughterhouse specimens of uncertain
staging  to  evaluate uterine immune cell
populations.  Furthermore, differences exist in
immune response to pregnancy, even among
species as closely related as sheep and cattle

(Lewis et al, 2007). For these reasons,
understanding the phenotypes and functions
of immune cells present in the uterus during
the periattachment period is es-sential to

understanding factors regulating fertility in dairy
cattle.

Natural killer cells (Vasudevan et al.,, 2017)
and macrophages or dendritic cells
(Oliveira and Hansen, 2009; Kamat et al.,
2016) were shown to be  propor-tionally
increased in the endometrium during early
pregnancy in dairy heifers. These cells were
also impli-cated as key mediators of conceptus
signaling during early pregnancy in rodents
and humans (Kwak-Kim et al., 2014). Natural
killer cells are a potential threat to the
developing conceptus due to their ability
to  kill without co-stimulation. Because of
their ability to identify foreign MHC 1
molecules (or the absence of MHC I), NK
cells create an immunological challenge for an
allogeneic conceptus. This could be overcome
by exclusion of the NK cells from the fetal-
maternal interface, or by conceptus signals that
alter NK cell function. However, there is little
evidence that NK cells are excluded from the fetal-
maternal interface. Vander Wielen and King (1984)
described a distinct population of
endometrial NK-like lymphocytes in cyclic
cattle. These cells expressed the protein
tyrosine phosphatase  receptor type C
(PTPRC or CD45) that is expressed on
most leukocytes, but stained weakly for CD5 (T
and certain B cells) and surface
immunoglobulins indicative of B cells (Lee et
al., 1988). Because these cells often contained 1

to 3 large membrane-bound granules, they
were postulated to be NK cells. These
granules  con-tained lytic enzymes including
perforin, granzymes, and  granulysin that

damage cell membranes. Natural killer activity
in the wuterus was later confirmed, although
their functional status during early pregnancy in
cattle remains to be elucidated (Segerson and

Beetham, 2000; Tekin and Hansen, 2002).
Natural killer cells contribute to
placentation in  humans and rodents by

modifying maternal spiral arteries to support
placental vascular development (Kane et al.,
2009; Lash et al., 2016). In-terestingly, uterine NK
cells in humans do not exhibit cytolytic activity
but rather appear to participate in establishing
a regulatory environment by production of Th2
cytokines (Mori et al., 2016). Disruption of NK
cell function contributes to several human
reproduc-tive  disorders  (Lash and Bulmer,
2011). Once again, there is a large proportional
increase in endometrial

Journal of Dairy Science Vol. 102 No. 4, 2019

CD45+ immune cells expressing the NK marker
NKp46 in early pregnant heifers. And, although
they are not the most abundant immune cell
type detected at the fetal-maternal interface,
results suggest that NK cells are involved in the
establishment of pregnancy in dairy cattle
(Vasudevan et al., 2017).

Both cytotoxic (CD8+) and helper (CD4+) T
cells are present in the ruminant uterus during
early preg-nancy. Helper T cells direct immune
responses by the production of inflammatory
(Thl) or regulatory (Th2) cytokines. These
cytokines direct effector responses of CD4+ T
cells toward the elimination of specific classes of
pathogens. Cytokine-induced Thl cells eliminate
in-tracellular viruses and bacteria, whereas Th2
cells are more effective at eliminating extracellular
parasites and Th17 cells on extracellular bacteria
and fungi. Cytotoxic T cells both produce and
respond to some of these same cytokines and can
participate directly in killing target cells using
some of the same mechanisms described for NK
cells. Approximately 25% of uterine cytotoxic T
cells in sheep express the gamma delta (y0+) T
cell receptor, whereas the remaining 75% express
the /B T cell receptor. As with NK cells and
a/B cytotoxic T lymphocytes, the cytoplasmic
granules of ~d T cells contain perforin and
granzymes,  further supporting a  Kkilling
phenotype for these cells (Fox et al., 2010).
This cell population represents a potential
danger to the developing conceptus (Fox et al.,
2010). The ~d+ T-cell population increases
dramatically in the uterus toward the end of
gestation, as does their granularity (Meeusen et
al., 1993), suggesting that these cells may be
involved in parturition and shedding of the
placenta. Regulation of ~0+ T cells during early
pregnancy in cattle is largely = unknown
(Hansen, 2014). There is, however, a large
increase in the relative proportion of immune
cells expressing CD8 at the conceptus—mater-nal
interface during early pregnancy (Vasudevan et
al., 2017). Based on the large proportional
increases in both NK and CD8+ cells during
early pregnancy, we hypothesized and then
confirmed that these proteins were co-expressed
on a population of endometrial im-mune -cells.
Furthermore, mRNA abundance of gran-zyme A
was greater in the endometrium of pregnant
compared with cyclic heifers at d 17. However,
mRNA abundance of granzyme A then decreased
between d 17 and 20 of pregnancy, accompanied
by increased expres-sion of CD107a, a marker of
degranulation in CD45+ lymphocytes (Vasudevan
et al., 2017).

Co-expression of NK and CDS8 on the same
cells is not common in cattle. There is evidence
for expression of NK receptors on ~d+ and CD8+
cells treated with IL15 or transforming growth
factor-3 (TGFB; McMa-hon and Raulet, 2001;
Johnson et al., 2008; Tilburgs et al., 2009). In
cattle, NK cells in the lymph nodes and a
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subset of peripheral NK cells expressed CDS8
(Boysen et al., 2008). It could be argued that NK
cells expressing CD8 protein are NK T cells. A
characteristic feature of NK T cells in other
species is CD1d receptor-mediated antigen
presentation. However, CD1d is a pseudogene in
the cattle genome (Van Rhijn et al., 2006),
mak-ing it unlikely that these cells are NK T
cells. Recent work by Connelley et al. (2014)
showed a population of unconventional CD3+
NK cells that could respond both to NK and T-
cell receptor stimulation (Connelley et al., 2014).
Furthermore, uterine NK cells are pres-ent
during early pregnancy in pigs and most
express the CDS8 protein, albeit at low levels
(dim Croy et al, 1988). A population of

dlm

actlvated /§E§ phecr?(l)ltsypén Wl% gshlgeﬁ( pgeﬁsleél aral
CD27 expression and increased production of
IFN—A{ and tumor necrosis factor following
nulati CJlon This CD8d I subset of NIf ﬁ}lls also
ibited a greater cytotoxic potentia % air et
1., 2013) We hypothesize that IFN-t induces the
proportional increase in NK cells expressing CD8
during early pregnancy, but this speculation has
yet to be confirmed experimentally.

Considering the presence of NK and cytotoxic T
cells at the fetal-maternal interface, regulatory
mechanisms must be in place to protect the
conceptus from attack.
Presumably, progesterone-mediated suppression

of T-cell activation and  expression of
uterine  serpins, galec-tins, and pregnancy-
induced blocking factor, are among these
(Froehlich et al., 2012; Hansen, 2014). Uterine
immune cells and parenchymal cells express
regulatory cytokines that can  affect
immune cell function. For example, mRNA

abundance of IL10 is increased in the
endometrium and in the CD45+ immune cell
fraction (Vasudevan et al., 2017). Furthermore,
the potent im-mune regulator indoleamine
2,3 dioxygenase 1 (IDO1) was elevated in
pregnant compared with cyclic heifers on d 17
and then decrease on d 20, and IDOI1
protein  was localized to both immune and
nonimmune cells in the endometrium of dairy
heifers  (Kamat et al,  2016).  Similar
increases in IDO1  were detected during
early pregnancy in cattle (Groebner et al.,

2011), humans, and rodents (von Rango et
al.,  2007; Jeddi-Tehrani et al., 2009),
suggesting a  possible conserved role for
kynurenine signaling or need for a
transient reduction in tryptophan
concentrations at the fetal-maternal interface.

Only a few reports have characterized

leukocyte populations in the endometrium during
the periattach-ment period in cattle. Leung et al.
(2000) demonstrated the presence of CD44 (T
cells), CD214+ (B cells), and CDI14+
(macrophage/dendritic cells) on Day 16 of
pregnancy. However, they did not detect any
differ-ences in the proportions of these cells
between cyclic and pregnant heifers on Day
16. Interestingly, many

CD14+ cells were detected in the endometrium
and subepithelial stroma (Leung et al., 2000).
Similarly, CD144+ CD68+ cells (macrophages)
are present in the endometrium of cyclic ewes
(Tekin and Hansen, 2004). The number of these
cells increased substantially later in pregnancy in
the cow and expressed genes associated with a
regulatory phenotype, including the mannose
receptor C, type 1 (MRC1) and CD163, also
known as the scavenger receptor (Oliveira and
Hansen, 2008; Oliveira et al., 2010). Work by
Mansouri-Attia et al.  (2012)  quantified
macrophage/dendritic cells in the en-dometrium
and demonstrated that a CDIllc+ fraction
(dendritic  cells) expressing signal-regulatory
protein o (SIRPA; a mediator of tolerance)
increased in the endometrium on Day 16 of
pregnancy in beef heifers. Dendritic cells are the
key APC that regulate activation status of the
immune system. Furthermore, APC (mac-
rophages and dendritic cells) detected using
antibodies that recognize MHCII proteins
increased in the endo-metrium during early
pregnancy (Days 17 to 20; Kamat et al., 2016).
The greatest increases occurred adjacent to the
shallow and deep glands of the endometrium.
This was accompanied by increased mRNA
abundance for MHCII, CD80, CD86, and CD163,
providing further evidence that these cells are
macrophages. Abundance of both SIRPA and
CD163 also increased, suggesting that these cells
exhibit a nonactivated, immature, or regulatory

phenotype (Kamat et al., 2016). The pres-ence
of macrophages and dendritic cells at the
concep-tus—maternal interface during early

pregnancy might promote conceptus survival by

stimulating expression of immunoregulatory
molecules such as prostaglandin (PG) E2,
IL10, IL4, and IDO (Munn et al., 1998;

Nagamatsu and Schust, 2010; Groebner et al.,
2011). We hypothesize that the conceptus
induces expression of IDO, leading to increased
production of kynurenine and induction of
regulatory cytokines such as IL10 and TGFB
via activation of the aryl hydrocarbon receptor

(AHR).
It is mnow clear that conceptus IFNT
affects im-mune function genes in both the

uterus and peripheral blood (Yankey et al.,
2001; Han et al., 2006; Gifford et al., 2007; Ott
and Gifford, 2010). In addition, there is
considerable expression of IFN-stimulated genes
in uncharacterized populations of endometrial
immune cells (Gifford et al., 2008; Song et al.,

2007). Type I interferons, including IFNT,
promote immunosuppres-sive
functions including the induction of Treg.
For  instance, IFNT-treated CD4+ cells
exhibit regulatory activity by expressing TGFB
and IL10 (Mujtaba et al., 1997). Furthermore,
expression of mRNA and protein IL10 was

detected in  total endometrium during early
pregnancy (Kamat et al, 2016). Obvious
candidates mediating the effects of IFNT on
uterine function in-
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clude the transcription factors IFN regulatory
factor (IRF)1 and IRF2. Spencer et al. (1998)
showed that pregnancy and IFNT sequentially
induced IRF1, a transcriptional activator,
and IRF2, a transcriptional repressor.
Both transcription factors regulated expres-sion of

genes containing interferon-stimulated response
elements (ISRE). Through this
mechanism, IFNT  blocks the cyclic
upregulation of estrogen receptors in the
sheep endometrium (Spencer et al., 1998).

Rela-tively less is known about IFNT signaling
in cattle, but Telgmann et al. (2003) showed
that IRF1 and IRF2 are expressed in the
endometrium during early pregnancy in cattle
and regulate the oxytocin receptor in the en-
dometrium. Groebner et al. (2011) also detected
IRF2 in the bovine endometrium on Day 18, but
they did not examine later days of pregnancy.
Interestingly, the gene for IDO1 contains an
interferon-stimulated  response  element and
is known to be regulated by type 1 and type

II IFN (Hassanain et al., 1993). Therefore,
IFNT-activated IDO1 expression could
induce tolerance in endometrial  immune
cells via activation of AHR.

Indoleamine  2,3-dioxygenase is the first
enzyme in the pathway of
tryptophan metabolism to kynurenine,
kynurenic acid, and quinolinic acid
(Groebner et al., 2011). Activation of
IDO1 is  considered a key com-ponent
mediating immune tolerance and
resolution of inflammation, especially

in pregnancy (Mellor and Munn, 2001; Li et
al., 2013). For example, IDO1 ex-pression
increased at implantation sites in rodents and
blocking  IDO1 expression resulted in
inflammation and loss of allogeneic but not
syngeneic  pregnancies (Mellor and Munn,
2001). Expression of IDO1 was elevated in
the bovine endometrium at d 17 of early
pregnancy (Groebner et al., 2011; Kamat et
al.,, 2016) and then declined sharply by Day 20 of
pregnancy (Kamat et al., 2016). The increase in
IDO1 expression was accompa-nied by a decrease
in the tryptophan/kynurenine ratio (Groebner et
al., 2011). Kynurenine is a key mediator of the
effects of IDO1 through its ability to bind
and activate AHR and induce tolerogenic
mediators (Vacca et al., 2010). Kynurenine, in
the presence of TGFB, can convert naive T
cells into FoxP3+ regulatory T cells through
AHR-mediated signaling (Gandhi et al., 2010;
Mezrich et al.,, 2010). Moreover, IDO1
mediates the interaction between decidual NK
cells and mac-rophages to promote tolerance in
the human uterus. This mechanism involved
induction of inhibitory pro-teins, including
cytotoxic T-lymphocyte activating 4
(CTLA4) and TGFB (Vacca et al., 2010).
Expression of CTLA4 increased in the bovine
endometrium during early pregnancy
(Vasudevan et al., 2017). The stron-gest labeling
for CTLA4 was in and around the Iluminal
epithelium and subepithelial stroma, adjacent to
the conceptus—maternal interface.

Journal of Dairy Science Vol. 102 No. 4, 2019

Aryl hydrocarbon receptor is a ligand-
activated nuclear transcription factor member of
the basic he-lix-loop-helix (bHLH)-Per-ARNT-
Sim (PAS) family of transcriptional regulators.
When bound by ligand, AHR binds to response
elements and promotes tran-scriptional
activation ~ of cytochrome  P450  enzymes
CYP1A1l and CYP1B1 (Nebert and Karp 2008).
Per-oxisome  proliferator-activated  receptor-~y
(PPARG) is a nuclear hormone receptor that is
a target gene for AHR; PPARG  agonists
decrease pro-inflammatory cytokine production
to induce tolerance (Ricote et al., 1998; Tugwood
and Montague 2002). The presence of AHR is
reported in human and rodent endometrium
(Herndndez-Ochoa et al., 2009; Jiang et al., 2010).
Aryl hydrocarbon receptor and products of its
activation, including CYP1A1 and PPARG, were
detected in hu-man placenta (Storvik et al.,
2014). Bovine mammary parenchymal cells and
cultured  blood lymphocytes express AHR
(Girolami et al., 2015), and our unpub-lished
results show abundant expression of AHR in en-
dometrial immune and parenchymal cells during
early pregnancy in dairy heifers (T. L. Ott and
M. Hartzell, Pennsylvania State University,
unpublished data). We hypothesize that IDO1
increases  tryptophan metabo-lites, including
kynurenine, resulting in activation of the AHR
to induce mediators of immune tolerance.
Further, we postulate that IDO1 is then
downregulated by conceptus IFNT or other
conceptus secretions to promote tissue remodeling
associated with the forma-tion of a placenta.
This speculation remains to be con-firmed
experimentally.

Finally, the conceptus secretes several molecules
dur-ing early pregnancy in addition to IFNT that
could af-fect immune function. Perhaps most well-
known among this group 1is the pregnancy-
associated glycoprotein (PAG) family
(Butler et al., 1982; Sasser et al, 1986;
Green et al., 2000). Although PAG family
members are expressed at the conceptus—
maternal interface starting at around Day 15 of
pregnancy in cattle, their function remains an
enigma (Wooding et al., 2005; Wallace et al.,

2015). There is a 200-fold increase in
pregnancy-specific protein B (PSPB;
predominantly ~ PAGI1) in  uterine flushes
between Day 17 and 20 of pregnancy (T.
L. Ott, S. Vasudevan, and M. Kamat,
Pennsylva-nia State University,
unpublished data). Pregnancy-associated
glycoproteins are a large family of inactive
aspartic  proteinases, similar to pepsinogen
(Garbayo et al., 2008). However, mutations

around the catalytic site of PAG are thought
to have rendered many of them inactive as
proteases (Green et al., 2000; Wallace et al.,
2015). Interestingly, PAG are still thought to be
able to bind peptides, and it was suggested
that this peptide-binding activity might be
involved in  their function during early
pregnancy (Hughes et al., 2000). Indeed,
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Wooding et al. (2005) examined PAG localization at
the conceptus-maternal interface and concluded
that they were likely involved in immune
regulation. This is sup-ported by recent work of
Thompson et al. (2012), who showed that PAG
altered endometrial prostaglandin  production
in cattle. Finally, physiologically
relevant concentrations of PSPB  reduced
endometrial T-cell proliferation in response to
concanavalin A but did not affect proliferation of
peripheral blood T cells ex vivo (S. Vasudevan,
M. Kamat, and T. L. Ott, Pennsylvania
State University, unpublished data). Taken

together, these results lend support to the
hypothesis that PAG  participate in
immune modulation at the conceptus—
maternal interface during early
pregnancy.

Peripheral Inmune Responses to the
Conceptus

Perhaps  the  earliest evidence of a
peripheral  immu-nomodulatory  response  to
pregnancy was work show-ing that serum from
pregnant mice inhibited rosette formation by
anti-lymphocyte serum in vitro (Morton et al.,
1974). This activity, termed early pregnancy fac-
tor (EPF), appeared in the serum within
hours of a fertile mating and was detected in
humans, pigs, sheep, and -cattle, suggesting
broad evolutionary conservation of this response
(reviewed by  Morton, 1987). Interest-ingly,
this factor was also produced by tumor cells
and  regenerating mnormal cells (Cavanagh,
1996). For almost 2 decades, the nature of
the factor mediating this response eluded
investigators, but it was finally
determined to share homology with chaperonin
10, a member of the heat shock/chaperonin
protein family that participates in
protein folding and stabilization in a wide
array of cellular contexts (Cavanagh, 1996;
Morton, 1998). Chaperonin 10 (also known as
HSP10 and HSPE1) is expressed in a wide array
of cell types and has been shown to modulate
immune cell func-tion, for example, by inducing
formation of Treg cells and production of
IL10 and TGFB (Chen et al., 2016). The role
that HSP10 plays in ruminant pregnancy is
yet unclear. However, Forde et al. (2015)
demonstrated that it was produced by both
the conceptus and endo-metrium during early
pregnancy in cattle. Clearly, the function of
this unique extracellular chaperonin is
an area deserving further investigation.

Shortly after trophoblast protein 1
(TP1) was se-quenced and determined to
belong to the Type I IFN family (Imakawa
et al., 1987), several researchers
demonstrated that many IFN-stimulated genes
(ISG) were induced in the uterus in response
to conceptus signaling (see Ott and Gifford,
2010; Ott et al., 2014). However, because most
work  during this time was unable to
detect IFNT in the peripheral circulation
or accumulating in tissues outside of the uterus,
the

central dogma developed that IFNT acted locally
on the uterus (Bazer, 2015). This contrasts with
humans, where conceptus human chorionic
gonadotropin (hCG) acts directly on the corpus
luteum. This concept was further strengthened
by the fact that the luteolytic sig-nal in ruminants
(PGF2q) was derived from the uterus, whereas it
originated in the ovary of humans. This
paradigm shifted when it was determined that
many of the ISG induced in the uterus during
early pregnancy in ruminants were also induced in
peripheral blood leu-kocytes (Yankey et al., 2001;
Han et al., 2006; Gifford et al., 2007). This
suggested that either IFNT escaped the uterus
or that some intermediary signal was re-
sponsible for this increase. Work by Bott et al.
(2010) definitively showed that it was the
former, and thus it became clear that IFNT
acted both locally, to sup-press the luteolytic
mechanism  (and  perhaps regulate immune
function), and in peripheral tissues and circu-
lating immune cells (Ott et al., 2014). What

remains to be determined is the role that
activation of ISG in peripheral tissues and
circulating immune cells has on

maternal physiology. Is activation of components
of in-nate immunity in circulating immune cells
designed to counterbalance  the  selective
immunosuppressive effects of
progesterone? Systemic immunosuppression
during  pregnancy  would compound the risk
that pregnancy imparts to the mother. It may
be that the function of activated ISG in the
uterus, coupled with locally high progesterone
concentrations, differs from that in peripheral
immune cells exposed to substantially lower
progesterone  concentrations.  Clearly, much
remains to be determined regarding the
immunological cross talk between the conceptus

and mother during early preg-nancy in
ruminants.

SUMMARY
Figure 1 summarizes current results
and presents some generalized hypotheses
about cross talk  between the conceptus

and the maternal immune system during early
pregnancy in  dairy cattle. Immunological
signal-ing associated with the
establishment of  pregnancy begins  at
insemination, with robust uterine responses to
antigens introduced into the female
reproductive  tract at mating. The role of
this  signaling is mnot clear in  cattle,
although evidence in other species suggests that
it can affect fertility and the quality of the preg-
nancy. Following ovulation and formation of the
corpus  luteum,  progesterone
differentiated  secretory  function, including
induction of immunosuppressive uterine
serpins, and selectively suppresses components of
the mucosal immune system. Fertilization results
in increased expression of chaperonin
10 (HSPE1), which likely induces immune
tolerance. Shortly after hatching

induces a
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Figure 1. Schematic representation of signaling between the peri-implantation conceptus, uterine endometrium, and circulating immune
cells during the period of maternal recognition of pregnancy in cattle. Hormones produced by the conceptus act on a progesterone-primed
endometrium to change the proportion and function of immune cells at the fetal-maternal interface. Current evidence indicates these changes
include increased abundance of macrophage or dendritic cells (DC) as well as a unique natural killer (NK) cell expressing the CD8 T-cell co-
receptor. Furthermore, there is increased expression of several molecules associated with immune tolerance on both immune and nonimmune
cells in the endometrium. This is accompanied by increased expression of IFN-stimulated genes (ISG) in the uterus and circulating immune
cells. A detailed description of these changes is presented in the summary. IFNT = IFN-1; PAG = pregnancy-associated glycoprotein; PG =
prostaglandin; CTLA4 = cytotoxic T-lymphocyte activating 4; IDO = indoleamine 2,3-dioxygenase; PD-L1 = programmed cell death ligand
1; PD1 = programmed cell death 1; LAG3 = lymphocyte activating gene 3; MHCII = major histocompatibility complex II; PGE =
prostaglandin E; P4 = progesterone; PBL = peripheral blood leukocytes; HSPE1 = chaperonin 10; TGFB = transforming growth factor-3;
CD = cluster of differentiation.
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A greater

Importance of
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understanding of conceptus-induced changes in
local and systemic immune function yield
greater insight into causes of early embryo loss in
cattle as well as suboptimal placental
development, which it thought to result in poor
postnatal performance.
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