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Chapter 1

Pregnancy: an immunological conundrum

The fetus inherits and expresses paternal alloantigens and can therefore be considered
as ‘foreign’ to the maternal immune system. Preventing immunological rejection of the
fetus is critical for a successful pregnancy and this presents a paradox to the maternal
immune system; tolerate the semi-allogeneic fetus, while maintaining immunity to
infections. Following parturition the maternal immune system is in contact with the
neonatal calf indirectly through the transfer of maternal antibodies via the colostrum.
Regulation of materno-fetal alloimmunity is pivotal to successful pregnancy and to avoid
the transfer of pathogenic maternal alloantibodies. This thesis explores the adverse
effects of materno-fetal alloimmunity in cattle on pregnancy and on the neonatal calf,
with an emphasis on the role of MHC class I (in)compatibility between dam and calf
on materno-fetal alloimmunity. Two disorders, Retained Fetal Membranes and Bovine
Neonatal Pancytopenia, associated with hypo- and hyper materno-fetal alloimmune

responsiveness, respectively, were studied.

Bovine Major Histocompatibility Complex class I

The Major Histocompatibility Complex (MHC), a gene complex on chromosome
23, encodes molecules that play an important role in the immune system. The MHC
gene family is divided in three subgroups; MHC class I, II and III. Central to adaptive
immunity is the presentation of antigens to T cells by MHC class I and 11 (box 1).

Population

Putative Genes —[ ]-[ ]-[ H ]-[ H ]—
Locus —:]—

Alleles 1

Individual

Figure 1. A schematic view of the genomic organization of the Bovine classical major histocompatibility
complex class I at population level and at the individual level. Six putative genes have been defined in Cattle
and several alleles have been discovered for each of these 6 loci. An individual inherits a maternal and a
paternal MHC class I haplotype. On each haplotype alleles of one to three loci are present and alleles of
both haplotypes are codominantly expressed.

Order and distance of genes are not representative.
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General Introduction

The bovine MHC class I genetic region may contain up to 15 (partial) genes and includes
classical, non-classical, pseudo and partial MHC genes (1, 2). There are six putative
classical MHC class I genes, based on the segregation of alleles in a phylogenetic
analysis of the coding sequence from exon 4 to 8 (alpha-3 domain to stop codon) (1, 3,
4) (Fig. 1). MHC class I is the most polymorphic gene known and to date the full length
cDNA sequences of 97 classical MHC class I alleles have been submitted to the cattle
MHC section of the Immuno Polymorphism Database (IPD; www.ebi.ac.uk/ipd/mhc/
bola). The highest variation between allele sequences are in the regions encoding the
antigen binding cleft (5), reflecting the selection pressure for the peptide repertoire that
MHC class I alleles can present (Box 2). Based on the bovine whole genome assembly
(3) and the mapping study of the Al14 haplotype by Di Palma et al (2) four genes can
be mapped and are therefore known to represent separate loci. Different combinations
of one to three genes are functionally present on a haplotype (1, 3, 6) (Fig. 1). Although
some genes are never present together on the same haplotype, there does not seem to
be a functional difference between MHC class I molecules and alleles from all MHC
class I genes have been shown to be expressed and able to present peptides to CD8 T
cells (3). Although many different MHC class alleles and haplotypes have been defined,
within a given cattle population haplotype diversity is usually limited and characterized
by several dominant haplotypes (7).

Five putative non-classical MHC class I (NC-MHC class I) genes have been
defined based on phylogenetic analysis of allele sequences similar to the method
described for classical MHC class I (4, 8). Four genes have been mapped using the
bovine whole genome assembly (9). As for classical MHC class 1 genes, a variable
number of NC-MHC class 1 genes are present per haplotype, with gene 1 apparently
ubiquitously present (9). Bovine NC-MHC class I genes are mono or oligomorphic,
have a restricted cellular expression pattern and may be secreted (8). Although no
studies into the exact functions of bovine NC-MHC class I genes have been performed,
they are likely comparable to human and rodent NC-MHC class I (Box 3).

The central role of MHC in alloimmunity

Antigens that are disparate between members of the same species are called alloantigens
and alloimmunity is the immune response following recognition of an alloantigen as
non-self. There are three different pathways of allorecognition (reviewed by Afzali et
al. (10)): i) the direct pathway is the recognition of peptide-MHC complexes on ‘donor’
cells by self T cells without intervention of self-antigen presenting cells (APC) ii) the
indirect pathway is the presentation of processed alloantigens to CD4 T cells via self
MHC class II on APC’s iii) in the semi-direct pathway self-APC’s acquire intact ‘donor’
peptide-MHC class I complexes and concurrently present processed alloantigens in the
context of self-MHC, thereby activating both CD8 and CD4 T cells.
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Chapter 1

MHC proteins are allogeneic both as intact peptide-MHC complexes and as
processed antigens and therefore play a role in all mechanisms of allorecognition. There
is a high frequency of alloantigen specific T cells compared to nominal antigens (11-
14), which is inherent to the MHC restriction of T cell receptors (TCR). During T cell
development there is first positive selection for T cells capable of interacting with MHC.
Next, there is negative selection for T cells that respond strongly to MHC-self peptide
complexes to eliminate self-reactive T cells. (Reviewed by Stritesky et al. (15) Although
the mechanism of selecting T cells specific for foreign peptides restricted to self-MHC
would appear to select for self-MHC specific TCR only; cross reactivity of TCR to
self and allogeneic MHC-peptide complexes (16-18) also leads to high frequencies of
allospecific T cells. There are two theories for the cross reactivity/degenerate specificity
of TCR for allogeneic MHC-peptide complexes. The first, the “high determinant
density model” (19), proposes that since MHC molecules are generally expressed at
high levels on donor cells, the affinity of TCR specific for non-self MHC required to
activate the T cell can be lower than TCR specific for foreign-peptide self MHC. The
second theory, the “multiple binary complex model” (20), proposes that alternative self-
peptide allogeneic-MHC complexes resemble foreign-peptide self-MHC complexes
and are recognized by “cross reactive” T cells. It is likely that both mechanisms or a
mix of both models determine alloreactivity. More recent studies have indicated that
interaction with both MHC and peptide determine TCR recognition and that TCR’s
can be activated by a (relatively small) number of different peptide-MHC complexes
(discussed by Nikolich-Zugich (21)).

Allogeneic MHC molecules are also recognized in the indirect pathway. As
discussed previously, MHC genes are highly polymorphic and multiple proteins are
codominantly expressed. In combination with the high expression level and the
expression on almost all cell types, MHC class I is also highly immunogenic in the
indirect pathway. Allogeneic MHC class 1 presented in self-MHC class 11 to self CD4 T
cells is essential for activation and class switching of alloreactive B cells (10).

Regulation of materno-fetal alloimmunity during pregnancy

During bovine pregnancy the semi-allogeneic fetus is in intimate contact with the
dam for the better part of 280 days without being rejected by the maternal immune
system. The maternal immune system has to be tightly regulated to tolerate the fetus,
while maintaining the ability to respond to infections. There are three basic mechanism
assuring the acceptance of the fetus (22-25) i) anatomical separation of the fetus
from the maternal immune system ii) downregulation of alloantigen expression by the
fetus iii) regulation of the maternal immune response in the uterus. The mother is
not completely tolerant to the fetus, nor is the maternal immune system completely
shut down in the uterus. The first would leave the mother vulnerable to attack by the
fetal immune system and the second would leave both mother and fetus vulnerable
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General Introduction

to infectious organisms (22, 26). Indeed, pregnant rats and rabbits readily rejected
fetal tissue transplanted to extra-uterine tissue (27) and bovine dams can mount an
immune response to placental infection with Neospora caninum while the fetus survives
(28). Species like horse, cattle and humans developed long gestation lengths after the
evolutionary separation of these species. Therefore, mechanisms to regulate materno-
fetal immunity have evolved separately and are likely to be species specific (22). Thus,
care should be taken to extrapolate results from other species to cattle.

In the bovine placenta fetal trophoblasts and maternal endometrium form
a continuous epithelial lining across the whole placenta (Fig 2.) (29). Specialized
structures called placentomes form through interdigitation of maternal (caruncle) and
fetal (cotyledon) epithelium, thereby increasing surface area for exchange of waste and
nutrients (29). Bovine placental histology is in strong contrast to the human placenta,
where fetal trophoblasts are directly in contact with maternal blood and extravilluous
trophoblasts that invade the uterine tissue and reshape maternal blood vessels (30). The
anatomy of the bovine placenta assures there is minimal contact between the maternal
immune system and fetal cells.

Interplacentomal area  Placentome

A \
[ |

— Binucleate cell

— Placental stroma

E]@E]EE— Endometrium

— Endometrial stroma

—

Cotyledon

Caruncle

—— Fetal

—— Maternal

Figure 2. Bovine placentomes. Placentomes are formed through interdigitation of maternal (caruncle) and fetal
(cotyledon) tissue. The apposition of fetal trophoblasts to the maternal endometrium forms a continuous epithelial

lining across the placenta. Binucleate cells, specialized trophoblasts, can migrate to the maternal epithelium.

MHC class I is the quintessential alloantigen and in several species it has been shown
that MHC class I is down regulated on fetal trophoblasts, e.g. humans (31), horse (32),
pig (33). In cattle MHC class I expression on fetal trophoblasts is down regulated in eatly
pregnancy, but towards mid gestation expression becomes apparent in interplacentomal
regions and rises towards the end of gestation (34, 35). In the placentomes, at the
area of most intimate contact, there is no MHC class I expression on the trophoblasts
(34-36). Maternal endothelium expresses MHC class 1 throughout pregnancy in the
interplacentomal area (34, 35). Findings regarding maternal MHC class I expressionin the
placentomes are conflicting, with studies reporting no expression (34), downregulation
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(35) and normal expression (36). In an elegant study by Davies et al. (8) it was shown
that interplacentomal trophoblasts transcribe very high levels of non-classical MHC
class I, indicating part of the MHC class I proteins expressed by bovine trophoblasts
are non-classical. Ellis et al. (37) detected transcription of MHC class I in late gestation
placentome derived trophoblasts, but could not detect expression of MHC class 1
with 1LA88, a monoclonal antibody that is pan specific for bovine MHC class 1, and
hypothesized this could reflect expression of NC-MHC class I. ILLA88 has been shown
to recognize some (9, 38), but not all non-classical MHC class I alleles (39). Since there
are no NC-MHC class I specific antibodies, it is currently impossible to differentiate
classical and non-classical MHC class 1 protein expression in the bovine placenta. In
human pregnancies HLA-G, a NC-MHC class 1, is highly expressed on trophoblasts
both on the cell membrane and in soluble form and plays in important role in immune
regulation, suppression and tolerance induction (25, 40). Davies et al. (8) found multiple
splice variants of one non-classical allele, including a variant with a deletion of the
transmembrane domain, indicating soluble bovine NC-MHC class I may be expressed.
It is probable that NC-MHC class I expression on bovine trophoblasts has a similar
role and that expression of both NC-MHC class I and restricted expression of classical
MHC class I by the fetus contributes to the regulation of maternal immunity.
Binucleate cells (BNC), specialized cells formed from uni-nucleate trophoblasts
and unique to ruminants, can migrate to the endometrium and fuse with maternal cells
temporarily forming trinucleate cells (29, 41). BNC produce an array of secretory
molecules, including placental lactogen, pregnancy associated glycoproteins and many
hormones, and likely play a pivotal role in feto-maternal crosstalk (41-43). BNC have
been found to express MHC class 1 in ‘a term’ collected placentomes (37, 44) and
transcribed both classical and non-classical MHC class I (44). On the other hand, Davies
et al. (34) and Chavatte-Palmer et al (36) could not detect MHC class I expression
on BNC. However, these studies looked at BNC around 230 days of gestation and
after dexamethasone induced parturition, respectively. In the study by Bainbridge and
colleagues (44) is was found that not all BNC expressed MHC class I and at present it
remains unknown if BNC express MHC class I at the moment of fusion with maternal
cells. If this would be the case, this presents an interesting situation for allorecognition,
as this enables the presentation of fetal antigens on both fetal and maternal MHC class
I and the expression of maternal antigens on fetal MHC class 1, thereby increasing the
chance of allorecognition. Although the results regarding the MHC class I expression
of BNC are not conclusive, invasive trophoblasts in horse also upregulate MHC class 1
(32) and Bainbridge (22) hypothesized that the upregulation of MHC class I on invasive
trophoblasts possibly contributes to induction of tolerance to paternal MHC class 1.
Indeed, for the induction of antigen specific regulatory T cells the cognate antigen
of the T cell has to be present (45). Expression of classical MHC class 1 on invasive
trophoblast cells, in combination with the expression of NC-MHC class I and the
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immunosuppressive and tolerogenic environment of the placenta, could lead to the
induction of paternal MHC class I specific regulatory T cells in the dam.

MHC class 1 downregulation is a common immune evasion method of
infectious organisms and NK cells can detect an kill cells with low or no MHC class
I expression (46). The human NC-MHC class I gene HLA-G is known to inhibit NK
cells and cytotoxic T cells and can induce regulatory T cells (25, 40). Although numbers
were low, NK cells have been detected in bovine pregnancies (47) and expression of
NC-MHC class I on bovine trophoblasts may inhibit NK cells and contribute to the
induction of regulatory T cells. In humans reduced levels of regulatory T cells in the
placenta and peripheral blood are associated with pre-eclampsia and preterm labor (48)
and depletion of regulatory T cells in mice leads to gestation failure (49, 50), showing
the importance of regulatory T cells for successful pregnancy. Foxp3+ (a marker for
regulatory T cells) has been detected in the bovine placenta (47) and levels of CD4 CD25
T cells (another marker for regulatory T cells) rise in peripheral blood of pregnant cows
(51). However, there is evidence that CD4 CD25 Foxp3 T cells do not have regulatory
functions in cattle (52). Instead, Y0 T cells wetre shown to act as regulatory cells (52, 53),
of which low numbers have been detected in the bovine placenta (47).

Many soluble factors are released at the feto-maternal interface and systemically
during pregnancy (e.g. uterine serpins, pregnancy hormones) and contribute further to
the modulation of the maternal immune system. However, these are outside the scope
of this thesis and are discussed in Oliveira et al (54) and Hansen et al. (55).

Transfer of passive immunity

Apart from direct contact with the fetus during pregnancy, there is indirect contact
between the maternal immune system and the neonatal calf during transfer of passive
immunity. In cattle there is no transfer of maternal antibodies across the placenta and
calves are born agammaglobulinemic (56, 57). Therefore, calves rely solely on absorption
of maternal alloantibodies from the colostrum for transfer of passive immunity. High
concentrations of antibodies are present in colostrum (56, 58) and following ingestion,
antibodies are absorbed in the intestines and antibody levels in the serum of calves
quickly rise. Efficiency of the absorption of antibodies from the intestines declines after
approximately 12 hours post-partum (57, 58). There is a strong association between
failure of passive transfer, i.e. low serum antibodies levels, and mortality and morbidity
in calves (59, 60).
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Materno-fetal alloimmunity in bovine disorders

Maternal alloantibodies against paternal alloantigens are induced in up to 64% of
multiparous cattle (61, 62). They can be detected as eatly as the second trimester
of gestation (62) and are present at low levels in colostrum (61). The induction of
maternal alloantibodies shows that materno-fetal alloimmunity is regulated and not fully
suppressed. Moreover, a materno-fetal immune response is normally not harmful to
the calf, both during pregnancy and during the transfer of passive maternal immunity.
However, changes in the normal materno-fetal alloimmune response can have
detrimental effects on pregnancy or the neonatal calf. Two disorders in which materno-
fetal alloimmunity plays an important role are Retained Fetal Membranes and Bovine
Neonatal Pancytopenia.

Retained fetal membranes

Normally the fetal membranes are expelled within 6 hours after the calf is born (63).
Retention of the fetal membranes longer than normal is called retained fetal membranes
(RFM) and is most commonly defined as retention longer than 24 hours postpartum
(63-65). With estimated incidences ranging from 1.3% to 39.2% (65, 66), REFM is a
common diseases of cattle and in Dutch dairy cattle the incidence is estimated to be
around 5%. The occurrence of RFM is associated with a reduction in milk yield (63, 67),
reduced fertility (68, 69) and most importantly an increased risk of (endo)metritis (63,
68). Important risk factors associated with the occurrence of REM are short gestation
length/abortion, caesarian section and induction of parturition (64, 70), but there is
an extensive list of risk factors (64, 65, 71) and these can be summarized as anything
that is suboptimal during pregnancy and parturition. Many treatments are practiced for
REM (reviewed by Peters and Laven (72), but all are symptomatic and have little or no
effect. In the Netherlands common treatments for RFM are intra uterine application of
antibiotics and manual removal of the fetal membranes, but both methods likely have
no or even an adverse effect (67, 73-76).

Loss of adherence between the fetal and the maternal epithelium together
with contractions of the uterus lead to the expulsion of the fetal membranes. The first
indications for the involvement of the maternal immune system in the loss of fetal
maternal adherence were provided by a series of elegant experiments performed by
Gunnink (77-80). Gunnink investigated the chemotaxis of leukocytes towards cotyledon
extracts and found a reduced chemotactic activity of cotyledons obtained from RFM
cows. Also chemotaxis of leukocytes obtained from RFM cows towards cotyledons
from healthy animals was hampered and this could already be observed a week before
parturition. Similar results were found by Heuwieser and colleagues (81, 82). Kimura
et al (83) found that the functioning of neutrophils from RFM cows was impaired and
that this was also already apparent before parturition. Slama et al (84) found lower levels
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of Leukotriene B4, a potent chemotactic factor, in caruncular tissue of RFM cows.
However, the best indication for the direct involvement of the maternal immune system
in placental separation, was given by a study by Joosten and coworkers (85) wherein it
was found that the occurrence of RFM was associated with MHC class I compatibility
between dam and calf. MHC class I is expressed by fetal trophoblasts at the end of
gestation (34, 35) and the results by Joosten et al (85) indicated that expression of
allogeneic MHC class I on fetal trophoblasts aids in the loss of fetal-maternal adherence
around parturition. Conversely, the absence (or reduction) of allogeneic differences
between dam and calf in MHC class I compatible pregnancies leads to the persistence
of fetal-maternal adherence and consequently to REM.

The loss of fetal maternal adherence not only depends on the maternal immune
response, but is believed to involve several processes: i) Collapse of the fetal-placental
circulation, leading to shrinking of the placentomal villi (65) ii) Placental-maturation,
characterized by a decrease in the number and the height of maternal epithelial cells
(65, 86) and a drop in BNC numbers (87, 88) iii) Breakdown of the extracellular matrix
linking the fetal and maternal epithelium (71). Hormonal changes associated with the
initiation of parturition lead to increased collagenase activity, e.g. relaxin (89) and decline
in progesterone leading to increased activity of matrix metalloproteinases (MMP) (90).
Although many studies found differences in concentrations of ‘pregnancy’ hormones
between RFM cows and cows with normal placental separation, results are conflicting
and inconsistent (65). Therefore differences in hormone patterns do not appear to be a
major determinant in the development of RFM.

Bovine Neonatal Pancytopenia

Bovine Neonatal Pancytopenia (BNP) was first described in Germany in 2007 when
an increase in the number of calves with a bleeding syndrome was observed (91).
Soon similar cases were seen all over Europe (92-94) and in 2011 BNP calves were
also reported in New-Zealand (95). The first signs of bleeding are typically seen in
calves around 7-16 days of age and are most apparent from injection sites and after ear
tagging (91, 94). Clinical signs are bleeding and petechiae in skin and mucosa, melena
and signs associated with hemorrhagic diathesis (e.g. pale mucosal membranes, lethargy)
(91, 92, 94, 96). The mortality of calves with BNP may be up to 90% and death usually
occurs around 24-48 hours after onset of clinical signs (92, 94). Hematology revealed
that affected calves had leukopenia, thrombocytopenia and anemia, i.e. pancytopenia
(91, 92, 94, 96). Upon post mortem examination disseminated bleeding throughout all
internal organs was evident and histology of bone marrow revealed a severe hypoplasia
of all cell lineages (91, 92, 94). Kappe et al (96) found an association between a novel
circovirus and the occurrence of BNDP, but other studies could not detect circovirus
or any other virus in BNP calves (92, 94, 97). Incidental cases of pancytopenia or
hemorrhagic diathesis in cattle had been reported before, for example due to BVD
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(98, 99) or dichlorovinylcysteine poisoning (100). However, all previously known causes
were excluded for BNP calves (91, 92, 94, 96).

Feeding calves colostrum from dams that had previously given birth to a calf
affected with BNP reproduced the disease (101-104). This finding led to the hypothesis
that the colostrum of these dams contained alloantibodies that were able to induce
BNP in the calf. Indeed, serum and colostrum of BNP dams, dams that had previously
given birth to a BNP calf, contained alloantibodies able to bind leukocytes (102, 105-
108), platelets (107, 108) and bone marrow cells (105-107). Injecting calves with IgG
isolated from the serum of BNP dams showed antibodies alone were sufficient to
induce BNP in the calf (107). This left the question what prompted the alloantibody
response in the BNP dams. Results from a large multi country case-control study
performed in Belgium, France, Germany and the Netherlands indicated that the use
of Pregsure© BVD vaccine in the dam was strongly associated with the occurrence of
BNP in the calf (93) and Kasonta et al (109) showed that the incidence of BNP was
higher in herds that received multiple Pregsure© BVD vaccinations. Pregsure© BVD
(Pfizer Animal Health) contained an inactivated BVD type 1 virus (110) that was grown
on the bovine MDBK cell line (111). Bovine proteins were detected in the Pregsure©
BVD vaccine (107, 112) and alloantibodies from BNP dams were shown to recognize
MDBK cells (106, 107, 112). Expetimental immunizations of calves with Pregsure©
BVD confirmed Pregsure© BVD vaccination induced alloantibodies that bind MDBK
cells and leukocytes (106, 109). Immunoprecipitation of target antigens on the surface
of MDBK cells (112) and peripheral blood leukocytes (107) using sera from BNP dams
and subsequent mass spectrometry analysis of precipitated protein, identified MHC
class I as a target of BNP alloantibodies.

Together, these results indicated that alloantigens present in the Pregsure©
BVD vaccine induced maternal alloantibodies that, upon ingestion of colostrum,
caused BNP in calves. Following reports that associated the occurrence of BNP to the
use of Pregsure© BVD, the vaccine was taken off the market in 2010.
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Scope of the thesis

This thesis explores the role of materno-fetal alloimmunity in bovine immune mediated
disorders, with an emphasis on the effect of MHC class I (in)compatibility between
dam and calf on materno-fetal alloimmunity. To get a better understanding of adverse
effects of materno-fetal alloimmunity on pregnancy and on the neonate, two disorders
representing different aspects of improper regulation of materno-fetal alloimmunity
were studied: Retained Fetal Membranes, associated with absence (or reduction) of
materno-fetal alloimmunity and Bovine Neonatal Pancytopenia, caused by iatrogenic
boosting of materno-fetal alloimmunity.

To explore in more detail the role of MHC class I compatibility between dam and
calf on the occurrence of RFM, next-generation sequencing was used to type MHC
class I haplotypes of calf—-dam—granddam combinations and assess the effect of non-
inherited maternal antigens and two-way compatibility between dam and calf on the
development of REM (Chapter 2).

The chance of MHC class 1 compatibility between dam and calf increases if
dam and calf have common ancestors, i.e. have a higher coefficient of relationship.
Therefore, the effect of the coefficient of relationship between dam and calf on the
occurrence of RFM in the dam was examined (Chapter 3).

The high incidence of REM after hormonal induction of parturition has led
to the use of induction of parturition as a common model to study REM (70, 76, 86,
113). We hypothesized that impaired materno-fetal alloimmunity plays an important
role in the occurrence of RFM after induction of parturition. To test this hypothesis,
we compared the chemotactic activity of cotyledons isolated from non-RFM animals
following spontaneous parturition and non-RFM and RFM animals following induction
of parturition with glucocorticoids (Chapter 4).

Despite the widespread use of the Pregsure© BVD vaccine, the incidence of BNP is
low (109), indicating factors other than vaccination alone play a role in the etiology of
BNP. We examined whether genetic differences between non-BNP and BNP dams and
calves were associated with the occurrence of BNP (Chapter 5).

To elucidate the pathophysiology of BNP in the calf, the specificity of BNP
alloantibodies was assessed and was linked to the pathology of BNP (Chapter 6)

Finally, the results reported in this thesis are summarized and discussed (Chapter 7).
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Box 1. Antigen presentation by MHC class I and II
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Central to adaptive immunity is the presentation of endogenous antigens to CD8 T cells and
exogenous antigen to CD4 T cells by MHC class I and II molecules, respectively.

The MHC class I molecule consists of a variable alpha chain that non-covalently associates
with a constant beta chain, the beta-2-microglobulin (B2M), and is expressed on all nucleated cells.
The alpha-1 and alpha-2 domain form the peptide binding cleft and can present peptides that are
eight to nine amino acids long. Peptides generated by degradation of intracellular proteins by the
(immuno)proteasome are transported from the cytosol to the endoplasmic reticulum and are loaded
onto the MHC class I by the MHC class I loading complex (containing amongst others the transporter
associated with antigen processing (TAP)). The loaded MHC class I complex is then transported to
the cell surface and in this way presents a sampling of the intracellular protein repertoire, allowing the
screening of these cells by CD8 T cells for infections or aberrant protein expression. (114, 115)

MHC class II consist of a variable alpha and beta chain that are non-covalently associated
and are both encoded by genes in the MHC. The open ended peptide binding cleft of MHC class 11 is
formed by the alpha-1 and beta-1 domain of the two MHC class II chains and allows for the binding
of peptides of varying lengths. MHC class II is mainly expressed on antigen presenting cells and
presents peptides derived from extracellular proteins. Proteins that enter the endocytic or phagocytic
pathway are degraded and peptides are loaded onto MHC class II in the mature/late endosome. The
loaded MHC class 11 is subsequently expressed on the cell surface. (115) In exception to the general
antigen routing above, both MHC class I and II can present intra- and extracellular antigens. MHC
class II can present intracellular antigens via autophagy. Extracellular proteins can be presented via
MHC class I trough ‘communication’ between phagosomes and the ER and the translocation of
extracellular antigens to the cytosol. This process, called cross-presentation, is particulatly effective in
dendritic cells and is essential for the priming of CD8 T cells. (114, 115)
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Box 2. MHC class I polymorphism and peptide binding

2-01801 3-01701

Amino acid motif
Amino acid motif

Created by Seq2Logo Created by Seq2Logo

NETMHCpan 2.8 (116) was used to predict nine amino acid long peptides (derived from Ovalbumin,
Mycobacterium avinm subspecies paratuberculosis HSP70 and Bovine Viral Diarrhea virus) with strong
binding to bovine MHC class I alleles 2¥01801 and 3*01701. A plot of the peptide sequence motif
of both alleles was constructed with Seq2Logo 2.0 (117). The horizontal axis shows the amino acid
position in the peptide and the vertical axis depicts the amino acids that are predicted to have strong
(positive) or weak (negative) binding at that position.

Binding efficiency of peptides to MHC molecules depends on the sequence motif of the peptide,
most notably at so called anchor-positions of the peptide (118, 119) (e.g. position 9 in the figure).
Clear differences in the sequence motif of peptides predicted to bind allele 2¥01801 and 3*01701
can be seen. The amino acids that make up the peptide binding cleft of the MHC class I molecule
determine the range of (pathogen) derived peptides that bind and can be presented by an MHC
molecule (118, 119) and variation between MHC class I alleles is highest in sequences that encode the
peptide binding cleft (5). It is believed that selective pressure by infectious organisms leads to variation
in MHC and that it is advantageous both for individuals as for the population to be able to present
a wide peptide repertoire and therefore to have a wide variety of MHC molecules (120). This can
be achieved by multiple loci with a high degree of polymorphism, codominant expression of MHC
alleles and variation in haplotype composition between individuals (5, 120).

Box 3. Human non-classical MHC class I

NC-MHC class I genes are mono or oligomorphic, have a restricted cellular expression pattern, and
have very distinct functions from their classical counterparts (121). Three non-classical loci, HLA-E,
-E and -G, are present in humans. HLA-E and —G are known to interact with T cell receptors and
NK cell receptors. HLA-E preferably presents peptides derived from signal peptides of MHC class
1. This complex activates a suppressive receptor on NK cells, preventing lysis of cells with normal
MHC class I expression. Downregulation of MHC class I, an immune evasion tactic of viruses, can
be sensed through the down-regulation of HLA-E. HLA-E also presents pathogen derived peptides,
since HLA-E restricted pathogen specific T cells have been detected. (121, 122) HLA-G, expressed on
human fetal trophoblasts, can bind receptors on NK-cells, DC’s and CD8 and CD4 T cells and causes
immunosuppression and can lead to the induction of regulatory T cells. (25, 40)
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ABSTRACT

Problem

In cattle, retained placenta (RP) is suggested to arise from failure of immune-mediated
rejection of the fetal membranes by the maternal immune system and is associated with
major histocompatibility (MHC) class I compatibility between calf and dam.

Method of study

To study the association between RP and different MHC class I compatibilities between
calf-dam—granddam combinations, massively parallel pyrosequencing was used to
determine the MHC class I haplotypes of cows with and without RP.

Results

Two-way calf to dam MHC class I compatibility gave a high risk for RP. There was a
tendency for a higher risk for RP with calf to dam MHC class I compatibility.

Conclusions

We concluded that in two-way compatible pregnancies, the maternal immune system fails
to reject the fetal membranes, and the fetal immune system does not mount an immune
response against maternal MHC class I antigens that could influence the immune-
mediated rejection of the fetal membranes by the maternal immune system. The lack
of immune-mediated rejection of the fetal membranes by the maternal immune system
increases the risk of occurrence of RP.
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Introduction

Retained placenta, failure of the timely expulsion of the fetal membranes, is a disease
of the bovine reproductive tract leading to reduced fertility (1-3), increased veterinary
costs and reduced milk yields (2, 3). Reported herd incidences of retained placenta
range from 1.3%-39.2%, with a median of 8.6% (4). Normally, around parturition
the fetal membranes detach from the uterus and are expelled within hours after the
calf is born. Several studies have shown that immune-mediated rejection of the fetal
membranes by the maternal immune system plays an important role in the breakdown
of the fetal-maternal attachment. Failure of this immune-mediated rejection can lead to
retained placenta. (5-7).

Joosten et al. (8, 9) found that even after normal pregnancy and parturition,
excluding known risk factors of retained placenta, retained placenta still occurred in
4.1% of calvings. In a subsequent study they showed that retained placenta after normal
pregnancy and parturition was associated with Major Histocompatibility Complex
(MHC) class I compatibility of the calf to the dam (10). Pregnancies were defined as
MHC class 1 compatible when all MHC class I products of the calf were also present
in the dam. In the retained placenta group there was MHC class I compatibility in
60% of the calvings, whereas in the control group this was the case in only 20% of
the calvings. MHC class 1 proteins are expressed on the fetal membranes at the end of
gestation (11). Non-self MHC class I proteins can elicit a strong immune response (12)
and Joosten and Hensen (13) hypothesized that a maternal immune response directed
against paternally derived MHC class I proteins expressed on the fetal membranes is
required for the detachment of the fetal membranes. A study by Davies et al. (14) using
immunohistochemical staining to compare MHC class I compatible and incompatible
pregnancies supports this hypothesis.

The maternal MHC class I genes not inherited by the fetus are called non-
inherited maternal antigens (NIMA). It has been shown that during pregnancy and/or
the suckling period immunological tolerance to NIMA can be induced (15-17). When
a calf is MHC class I incompatible to the dam, but the incompatible MHC class 1
antigens are compatible to the NIMA of the granddam, the maternal immune system
may be tolerant to these antigens leading to failure of immune-mediated rejection of
the fetal membranes and to the occurrence of retained placenta. Joosten and colleagues
(10) studied the effect of NIMA compatibility, i.e. the MHC class I antigens of the
calf incompatible to the dam being compatible to the NIMA of the granddam, on
retained placenta in a limited number of calvings. In retained placenta cases three out
of five incompatible pregnancies were NIMA compatible whereas in the control group
none out of nine incompatible pregnancies were NIMA compatible. This suggests that
NIMA compatible pregnancy increases the risk of retained placenta.
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The bovine fetal immune system, although immature, is fully functional at
parturition and able to respond to a wide variety of diseases in utero (18). In mice,
studies have shown that the fetus triggers the onset of parturition. When at the end of
gestation the fetal lungs mature, surfactant protein A is secreted into the amniotic fluid
where it activates fetal macrophages. These fetal macrophages migrate to the maternal
side of the uterus and produce cytokines, triggering an inflammatory reaction and the
onset of parturition (19). As accumulation of fetal macrophages in the placenta at the
end of gestation is demonstrated in cattle(20), a similar inflammatory reaction may occur.
Also, MHC class I compatibility is associated with the occurrence of retained placenta
(10) and MHC class 1 compatibility influences the behavior of fetal macrophages
around parturition (14). We hypothesize that around parturition the immune system
of the calf responds to foreign MHC class I proteins expressed by maternal tissue
and that cytokines released in this immune response influence the immune-mediated
rejection of the fetal membranes. Because the fetal immune system is immature and the
‘output’ of the fetal immune system is much lower than that of the maternal immune
system (18), we expect that the effect of the fetal immune response only influences the
immune-mediated rejection when thete is no/or a lowered maternal immune response.
Therefore, we hypothesize that MHC class I compatibility of the dam to the calf, when
the calf is either MHC class I compatible to the dam or NIMA MHC class I compatible
to the dam, increases the risk of retained placenta in the dam.

In the present case-control study, massively parallel pyrosequencing was used
to sequence parts of the MHC class I gene complex to determine the MHC class 1
haplotypes of individual calves, dams and maternal granddams. These data were
subsequently used for analyses of MHC compatibility within calf-dam-granddam
combinations in relation to the occurrence of retained placenta in the dams, to gain
insight into the role of the maternal and fetal immune system in the occurrence of
retained placenta.

Materials and Methods

Experimental animals

In the period between September 2008 and March 2009 sixty-five calf-dam-granddam
combinations were selected from commercial dairy farms throughout the Netherlands.
All animals were Holstein-Friesian or Holstein-Friesian cross breeds. Twin calvings
were excluded to avoid MHC typing complexities due to chimaerism.

The study was designed as a case-control study, with a 1:2 ratio of cases to
controls. Sample size was based upon the data from Joosten et al. (10). Controls (n=44)
were defined as dams which expelled the fetal membranes within 6 hours post partum
(21) following the birth of a live calf. Cases (n=21) were dams with retained placenta,
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defined as a failure to expel the fetal membranes within 24 hours post partum. In the
cases the calving was without difficulties (minor assistance was allowed), and the calf
was born alive. Apart from retained placenta there were no periparturient diseases in
the dam during the first 2 weeks post partum. Cases had to meet these criteria in order
to exclude other major risk factors for retained placenta.

Cows were bled using heparin coated evacuated blood collection tubes
(Vacutainer system with Lithium Heparin tube, Becton Dickinson, Franklin Lakes, NJ,
U.S.A.) as the source material for isolation of genomic DNA.

The described use of the animals in this study was approved by the Animal
Ethical Committee of Utrecht University and conducted according to their regulations.

Sequencing

MHC genotyping was conducted using a novel protocol based on massively parallel
pyrosequencing similar to other recently published protocols (22-25). Briefly, genomic
DNA was isolated from peripheral leukocytes using the Promega Wizard Genomic
DNA Purification Kit (Promega corporation, Madison, WI, USA ). Exons 2 and 3 of
the MHC class I genes were amplified from this genomic DNA by PCR and the resulting
amplicons were sequenced on a Genome Sequencer FLX system (454 Life Sciences,
Roche Diagnostics, Branford, CT, USA) according to the manufacturer’s protocols. The
resulting sequences were aligned and assembled into consensus reads using Amplicon
Variant Analyzer software (454 Life Sciences, Roche Diagnostics, Branford, CT, USA).
The consensus reads were identified by using BLAST to compare them to a custom
database containing all known bovine MHC sequences. Once alleles were identified,
MHC haplotypes were assigned using the Cytofile cluster analysis computer programs
developed by C.J. Davies (26).

Statistical methods

MHC class I compatibility was determined using the haplotypes assigned to each animal.
There is compatibility when all MHC class 1 haplotypes are compatible. Calf-dam-
granddam combinations were grouped into the following MHC class I compatibility
subclasses:

Maternal Compatibility (MC)

The MHC class I haplotypes of the calf are compatible to the dam. The calf has no
MHC class I haplotypes that are not present in the dam. In this situation there is MHC
class I compatibility between calf and dam from the point of view of the maternal
immune system, because no foreign haplotypes are present on the fetal membranes.
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Non-Inherited Maternal Antigen compatibility (NIMAC)

The MHC class 1 haplotypes of the calf that are not compatible to the dam are
compatible to the non-inherited MHC class I haplotypes of the granddam. In this
situation there is MHC class I compatibility from the point of view of the maternal
immune system, because of tolerance of the dam to NIMA.

Calf Compatibility (CC)

The MHC class I haplotypes of the dam are compatible to the calf. The dam has no
MHC class I haplotypes that are not present in the calf. In this situation there is MHC
class I compatibility between calf and dam from the point of view of the immune
system of the calf, because no foreign haplotypes are present on the endometrium.

Two-Way Compatibility (TWC)

The MHC class I haplotypes of the calf are compatible to the dam (MC) and the
MHC class I haplotypes from the dam are compatible to the calf (CC). MHC class 1
compatibility from the point of view of the immune system of both the dam and the
calf.

Two-Way Compatibility through Non-Inherited Maternal Antigens (NTWC)

The MHC class I haplotypes of the calf thatare not compatible to the dam are compatible
to the non-inherited MHC class I haplotypes of the granddam and the MHC class 1
haplotypes of the dam are compatible to the calf. MHC class I compatibility from the
point of view of the immune system of both the dam and the calf.

No Compatibility (NC)

Immunological recognition can occur in both directions. The MHC class I haplotypes
of the calf are not compatible to the dam, neither are they to the non-inherited MHC
class I haplotypes of the granddam. In addition, the MHC class I haplotypes of the dam
are not compatible to those from the calf.

Because of the binary nature of the outcome variable we chose a logistic
regression model to analyze the data. The following model was used:

ln( dd )=a+/3’1*C0mp
l-n

n = Fraction of the calvings leading to retained placenta; o = Intercept; 1 * Comp
= Effect of MHC class 1 compatibility on retained placenta (MC, NIMAC, CC, TWC,
NTWC, NC)
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After fitting the model we looked at which MHC class 1 compatibility subclass
within the compatibility variable (Comp) had the highest p-value. This compatibility
subclass was dropped and the calf-dam-granddam combinations within this subclass
were added to the NC subclass. Subsequently the model was fitted with the new data.
This procedure was repeated until there were no compatibility subclasses with a p-value
= 0.1.

The fitted models were compared using both Akaike’s information criterion
(AIC) and the Likelihood ratio test (LRT). The model with the lowest AIC was
considered to be the model best supported by the data. With the LRT we checked
if excluding a compatibility subclass had a significant effect on the prediction of the
dependant variable. Results were considered significant at P<0.05.

The program R (http://www.t-project.org) was used for all statistical
computations.

Table 1. Two calf-dam-granddam combination with assigned haplotypes.

Compatibility” Animal MHC class I haplotypes
CC Calf AHO11A, AHO15A

Dam AHO15A

Granddam AHOT4A, AHO15A
MC Calf AH020C

Dam AHO10A, AH020C

Granddam AHO10A, AH020C
CC = Calf Compatibility, MC = Maternal Compatibility

Table 2. Compatibility between calf-dam-granddam combinations.

Compatibility” RP* (n=21) Control (n=44)
MC 4 (19%) 3 (T%)
NIMAC 2 (10%) 6 (14%)

CcC 2 (10%) 8 (18%)

TWC 5 (24%) 1 2%)

NC 8 (38%) 26 (59%)

* MC = Maternal Compatibility, NIMAC = Non Inherited Maternal Antigen Compatibility, CC = Calf
Compatibility, TWC = Two-Way Compatibility, NC = No Compatibility
*RP = Retained Placenta

Results

In table 1 two examples of calf-dam-granddam combinations with assigned MHC class 1
haplotypes are shown. As the calf in the first combination had a MHC class I haplotype
(AHO11A) that was present in neither the dam, nor the granddam and the dam had no
MHC class I haplotypes different from the calf; this calf-dam-granddam was grouped
into the compatibility subclass CC. Following this approach, the second calf-dam-
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granddam combination was assigned to the compatibility subclass MC. An overview of
all the calf-dam-granddam combinations and the compatibility subclass to which they
have been assigned can be seen in table 2. There was no two-way compatibility through
NIMA between animals and the NTWC subclass was discarded.

The initial logistic regression model is summarized in table 3. In this model
TWC gave a significant higher risk of retained placenta with an odds ratio (OR) of 16.25
and there was a tendency for a higher risk of retained placenta for MC with an OR of
4.33. The compatibility subclasses CC and NIMAC did not have a significant effect on
the occurrence of retained placenta and had an OR of 0.81 and 1.08, respectively.

Table 3. Summary of the initial logistic regression model A (Comp = NC, CC, NIMAC, MC, TWC)*
predicting the occurrence of Retained Placenta, with P-values indicating the significance of an estimate to
be different from zero.

Exposure variable B® SEB>  ORc 95% CI¢ P-value®
Intercept -1.18 0.40 0.004%*
Comp NC Referent
CcC -0.21 0.89 0.81 011- 413 0.81
NIMAC 0.08 0.91 1.08 0.14— 588 0.93
MC 1.47 0.86 4.33 0.80 — 26.25 0.090-
TWC 2.79 1.17 16.25 2.21 —336.79 0.017*

Null deviance: 81.79 on 64 degrees of freedom. Residual deviance: 71.07 on 60 degrees of freedom. AIC:
81.07. Cox & Snell R?= 0.15. Nagelkerke R? = 0.21.

* Parameter estimate

" Standatd error of the parameter estimate

¢ Odds ratio

495% confidence interval of the odds ratio

¢-p < 0.1, *p < .05, ¥p < .01

* NC = No Compatibility, CC = Calf Compatibilityy, NIMAC = Non Inherited Maternal Antigen
Compatibility, MC = Maternal Compatibility, TWC = Two-Way Compatibility

Table 4. Akaike’s information criterion (AIC) for — Table 5. The Likelihood ratio test (LRT) comparing
the different logistic regression models the logistic regression models and the log-likelihood
for each model.

Model Subclasses within Comp®  AIC

A: NC,CCNIMACMC,TWC  81.07 Model!
B: NC,CC,MC,TWC 79.08 Model A B C
C: NC,MC,TWC 77.15! A 0.93

B 0.80

' Model with the best fit using AIC o
#NC = No Compatibility, CC = Calf Compatibility, Log-likelihood  -35.54  -3554  -35.57
NIMAC = Non Inherited Maternal Antigen ! See Table 4 for the models

Compatibility, MC = Maternal Compatibility, TWC

= Two-Way Compatibility
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Subsequently different models were tested to find the best model. These models are
shown in table 4. In model A, compatibility subclass NIMAC had the highest p-value
(0.93) and was dropped. Compatibility subclass CC had the highest p-value (0.80)
in model B and was therefore dropped in the next model. In the final model C, the
compatibility variable contained the subclasses NC, MC and TWC. The final model
had the lowest AIC (Table 4). Using the LRT to compare the different models showed
that dropping the subclasses NIMAC and CC from the model did not have a significant
effect on the prediction of the model on the occurrence of retained placenta (Table 5).

Table 6 summarizes the final model. The effect of TWC on retained placenta
was significant (p=0.014) and gave a high risk for the occurrence of retained placenta
with an OR of 16.67. Calf-dam-granddam combinations within the MC subclass
tended (p=0.073) to have a higher risk for the occurrence of retained placenta than
combinations within the NC subclass. The OR of MC was 4.44.

Table 6. Summary of the final logistic regression model C (Comp = NC, MC, TWC)" predicting the
occurrence of Retained Placenta, with P-values indicating the significance of an estimate to be different
from zero.

Exposure variable B! SE p? OR’® 95% CI* P-value®
Intercept -1.20 0.33 <0.001#F*
Comp NC Referent
MC 1.49 0.83 4.44 0.87 - 25.34 0.073-
TWC 2.81 1.14 16.67 2.39 - 336.32 0.014*

Null deviance: 81.79 on 64 degrees of freedom. Residual deviance: 71.15 on 62 degrees of
freedom. AIC: 77.15. Cox & Snell R?= 0.15. Nagelkerke R* = 0.21.

! Parameter estimate

* Standatd error of the parameter estimate

> Odds ratio

*95% confidence interval of the odds ratio

> -p < 0.1, *p < .05, ¥p < .01, #*p < .001

“ NC = No Compatibility, MC = Maternal Compatibility, TWC = Two-Way Compatibility

Discussion

The data presented in this study indicate that there is a significant effect (p=0.014) of
two-way MHC class I compatibility on the occurrence of retained placenta in cattle.
Two-Way Compatibility (TWC) indicated that the MHC class I haplotypes of the calf
were compatible to the dam and also that the MHC class I haplotypes of the dam were
compatible to the calf. In this combination MHC class I compatibility existed from the
point of view of the immune system of both the dam and the calf, taking into account
calves are born with a fully functional immune system (18).
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As calf compatibility by itself had no statistically significant effect on the
occurrence of retained placenta, we conclude that the immune-mediated rejection of the
fetal membranes is not determined by the fetal immune system alone. Calf compatibility
only increases the risk for retained placenta when there is maternal MHC class 1
compatibility as well. This in turn raises the question whether maternal compatibility
alone can also lead to the occurrence of retained placenta. Although there is a tendency
for an effect of maternal compatibility on the occurrence of retained placenta in our
study, this association is not statistically significant. A similar result was obtained in an
earlier study (Davies C.J., unpublished data), in which serology was used to identify
MHC class I haplotypes for evaluation of the effect of MHC class 1 compatibility
between the calf and dam on the occurrence of retained placenta. Although there was
no relation between maternal compatibility and the occurrence of retained placenta,
there was a tendency (p=0.060, n=80) for the association of two-way compatibility with
the occurrence of retained placenta.

Joosten etal. (10) found a significant association between maternal compatibility
and the occurrence of retained placenta, but did not discriminate between maternal
compatibility and two-way compatibility. By not discriminating between these two
types of compatibility, Joosten et al. studied the combined effect of the two types of
compatibility and may have overestimated the effect of maternal compatibility. More
research is necessary to determine whether maternal compatibility alone leads to retained
placenta. If maternal compatibility does lead to retained placenta, it is likely to give a
lower probability of retained placenta than two-way compatibility, because an immune
response of the fetal immune system against maternal MHC class I antigens could
trigger the immune-mediated rejection of the fetal membranes by the maternal immune
system. This can also be seen in our model for the prediction of the occurrence of
retained placenta, where the OR’s for maternal compatibility and two-way compatibility
are 4.44 and 16.67, respectively.

Besides an immune-mediated rejection of the fetal membranes, breakdown of
the fetal-maternal attachment is also influenced by hormonal changes and structural
changes in the uterus and fetal membranes at the end of gestation (3). In one two-way
compatible pregnancy the fetal membranes were expelled normally (Table 2) and in
this case the fetal membranes may have detached even though there was no immune-
mediated rejection of the fetal membranes. Another possibility is that, while fetus and
dam were assigned to the same MHC class I haplotype, there were differences in MHC
class I genes (i.e. the fetus and dam were actually of two closely-related haplotypes
that were not differentiated). Lastly, it is possible that the dam responded to minor
histocompatibility antigens triggering an immune-mediated rejection of the fetal
membranes.

Immunological tolerance to non-inherited maternal antigens can be induced
during fetal development and/or during the suckling period (15-17). Joosten et al. (10)
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hypothesized that tolerance to NIMA could affect the immune-mediated rejection of
the fetal membranes through an effect on MHC class I compatibility. Even though the
number of animals in the study by Joosten et al. (10) was low, the results were suggestive
of an effect of NIMA compatibility on retained placenta. Our results, however, did
not show any effect of NIMA compatibility on the occurrence of retained placenta.
The NIMAC subclass had a p-value of 0.930 and was the first subclass to be dropped.
Therefore, it seems likely that tolerance to NIMA does not influence the occurrence of
retained placenta in cattle.

Based on the results from this study we hypothesize that both the maternal
and the fetal immune system play a role in the immune-mediated rejection of the fetal
membranes around parturition. In mice it has been shown that cytokines produced by
fetal macrophages trigger an inflammatory reaction leading to the onset of parturition
(19). The bovine fetal immune system is fully functional at parturition (18) and there is an
accumulation of fetal macrophages in the placenta at the end of gestation in cattle (20).
Oliveira et al. (27) have shown that maternal macrophages in the second trimester of
pregnancy are in a state that supports immune regulation and tissue remodelling. At the
end of pregnancy the state of the maternal macrophages, under influence from signals
either from the fetus or the dam, could change into a state supporting inflammation.
MHC class I compatibility between dam and calf may influence the behavior of fetal
macrophages and the release of inflammatory cytokines from both fetal and maternal
macrophages in the uterus around parturition (14). The association of two-way
compatibility with retained placenta, supports our theory that cytokines produced by the
fetal immune system, in response to foreign maternal MHC class I antigens, influence
the immune-mediated rejection of the fetal membranes by the maternal immune system.
In the case of two-way compatibility, the maternal immune system does not reject the
fetal membranes and the fetal immune system does not mount an immune response
against maternal MHC class I antigens which could influence the immune-mediated
rejection of the fetal membranes by the maternal immune system. Possible involvement
of the fetal immune system in the breakdown of the fetal-maternal attachment gives
new insight into bovine parturition and could be a promising lead for novel therapies to
prevent the occurrence of retained placenta.
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Chapter 3

ABSTRACT

Failure of the timely expulsion of the fetal membranes, called retained placenta, leads
to reduced fertility, increased veterinary costs and reduced milk yields. The objectives
of this study were to concurrently look at the heritable and non-heritable genetic effects
on retained placenta and test the hypothesis that a greater coefficient of relationship
between dam and calf increases the risk of retained placenta in the dam.

The average incidence of retained placenta in 43,661 calvings of Meuse-Rhine-
Yssel cattle was 4.5%, ranging from 0% to 29.6% among half-sib groups. The average
pedigree based relationship between the sire and the maternal grandsire was 0.05 and
ranged from 0 to 1.04. Using a sire-maternal grandsire model the heritability was estimated
at 0.22 (SEM = 0.07) which is comparable with estimates for other dual purpose breeds.
The coefficient of relationship between the sire and the maternal grandsire had an effect
on retained placenta. The coefficient of relationship between the sire and the maternal
grandsire was used as a proxy for the coefficient of relationship between dam and calf,
which is correlated with the probability of major histocompatibility complex (MHC)
class I compatibility between dam and calf. MHC class I compatibility is an important
risk factor for retained placenta. Although the MHC class I haplotype is genetically
determined, MHC class I compatibility is not heritable. This study shows that selection
against retained placenta is possible and indicates that preventing the mating of related
parents may play a role in the prevention of retained placenta.

44
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Introduction

At parturition, the attachment between the fetal membranes and the uterus is normally
broken down and the fetal membranes are expelled soon after the calf is born. Failure
of the timely expulsion of the fetal membranes, called retained placenta (RP), leads
to reduced fertility, increased veterinary costs and reduced milk yields (1-3). Reported
incidences of RP in Meuse-Rhine-Yssel (MRY) and Holstein cattle are around 7% (4)
and 5% (5, 0), respectively.

Important risk factors for RP, such as gestation length and calving difficulty
(2), are genetically determined and have high heritability estimates (7, 8). Therefore, it is
expected that RP is also heritable. Indeed, reported estimates of heritability of liability
for RP range from 0.03 to 0.10 (5, 9-13). Joosten et al (14) and Benedictus et al (15) have
shown that major histocompatibility complex (MHC) class I compatibility between
dam and calf increases the risk for RP in MRY and Holstein cattle, respectively. Major
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grand dam
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CRs*mgs
Sire
@A
Compatible Incompatible
A
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Fig. 1. MHC class I compatibility and coefficient of relationship. Major histocompatibility complex (MHC)
class I compatibility is an important risk factor for retained placenta. Although the MHC class I haplotypes
of an individual are genetically determined, MHC class I compatibility is not heritable as it depends on
the combination of two animals. In this figure the MHC class I haplotype of the sire that is inherited by
the calf is compatible to the dam (gray circle). Therefore the dam and calf are MHC class 1 compatible.
Notice that the sire and the dam are incompatible, because the MHC class I haplotype of the dam that
is inherited by the calf is incompatible to the sire (gray square). The coefficient of relationship between
dam and calf (CRd*c) is correlated with the probability that dam and calf are MHC class I compatible.
The coefficient of relationship is defined as the proportion of alleles held in common by two individuals
as a result of a common ancestor. The coefficient of relationship between sire and maternal grandsire
(CRs*mgs) was used as a proxy for the coefficient of relationship between dam and calf and was calculated
with the pedigree data.
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histocompatibility complex class 1 compatibility between dam and calf is genetically
determined, but in contrast to other genetically determined risk factors for RP, MHC
class I compatibility is not heritable (Figure 1). Major histocompatibility complex class
I compatibility between calf and dam depends on whether the paternal MHC class 1
haplotype inherited by the calf is compatible to the MHC class I haplotypes of the dam.
In this respect, MHC class I compatibility is akin to inbreeding. Inbreeding is genetically
determined, but depends on the specific combination of parents and is therefore not
heritable.

Given the results obtained by Benedictus et al. (15) for Holstein cattle,
previously collected data in MRY cattle were reanalyzed (4). Tracing back the pedigree
allowed us to analyze the effect of MHC compatibility on RP in a large dataset. The
probability of MHC class I compatibility increases if dam and calf are related, i.e
have common ancestors. The coefficient of relationship (CR) between dam and calf
(CRd*¢) is correlated with the probability that the MHC class I haplotypes of the calf
are identical to the MHC class I haplotypes of the dam and thus the probability that
dam and calf are MHC class I compatible by descent (figure 1). In the present research,
it was hypothesized that a greater CRd*c increases the risk of RP in the dam. The
objectives of this study were to concurrently determine heritable and non-heritable
genetic effects on retained placenta and test the hypothesis that a greater coefficient of
relationship between dam and calf increases the risk of RP in the dam.

Materials and methods

Data

Birth registrations for MRY cows were available from an artificial insemination centre
from the south of the Netherlands over the period from November 1975 through May
1984, as described in detail by Joosten et al (4). Submission of birth registration records
was obligatory at that time and farmers were instructed in the use of the registration
records.

Only birth registration records on calvings with a gestation length of 260 to
300 days producing a single live calf were used. Sires (n = 22) and maternal grand sires
(n = 6) were included such that all 132 half-sib groups had a minimum of 10 calvings.
Retained placenta was defined as retention of the fetal membranes for more than 24
hours post-partum. The final data contained 43,661 records.

Pedigree file

The pedigree of the sires and maternal grandsires were traced back up to 18 generations
and the first three generations were 95% complete. The resulting pedigree file included
information on 634 individuals.
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Coefficient of relationship

The coefficient of relationship is defined as the proportion of alleles held in common
by two individuals as a result of a common ancestor (16). Using the pedigree file the
CR between sire and maternal grandsire (CRs*mgs) were calculated with a computer
algorithm written in Fortran 95 using the tabular method (17). The CRs*mgs was used
as a proxy for CR between dam and calf (Figure 1), because no information regarding
the dams was available.

Statistical methods

The data were analyzed with a threshold-liability sire-maternal grandsire model using
the software package ASReml (18), a statistical package that fits generalized linear mixed
models using Residual Maximum Likelihood. Retained placenta was fitted as a binomial
variable using the logistic link function. In the first model CRs*mgs was fitted as a fixed
class effect to check whether CRs*mgs had a linear effect on RP:

Ajp=u+CR, +sire, + mgs, +e,,

where Ajjk is a vector of unobserved liabilities to RP; p is the general mean; CRi is the
fixed effect of the ith class of CRs*mgs, divided into 4 classes (CRs*mgs <0.05, 0.05
to <0.10, 0.10 to <0.15, 20.15 ); sirej is the random effect of the jth sire; mgsk is the
random effect of the kth maternal grandsire and eijk is the vector of residuals.

Forasubset of the dataa second model was fitted with CRs*mgs as a continuous
variable. In this second model CRi is the ith CRs*mgs and b is the regression coefficient
of CRi. All other factors were the same as in Model 1.

The distributional assumptions of the random effects were:

2
sire 01| 40,

1
mgs|~ N||0|, AZGSZ
e 0

2
e

lo

where sire is the vector of random sire effects, mgs is the vector of random maternal
grandsire effects, e is the vector of residuals, A is the sire relationship matrix, I is the
identity matrix, is the sire variance and is the residual variance.

Heritability was calculated using the variance components of the model,
correcting for the underlying residual variance of the logistic scale of w2/3, as follows:

W= s

1 7’
o?+fo?+?

s s

47




Chapter 3

A Wald test was used to test whether CRs*mgs improved the fit of the model. The

effect was considered significant at P <0.05 and a tendency at P <0.1. Values are means

*+ the standard error of the mean between brackets.
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Results and Discussion

The average incidence of RP in 43661 calvings was 4.5%, ranging from 0% to 29.6%
among half-sib groups (Table 1). This is comparable to previously reported incidences
of RP in MRY and Holstein cattle (4-6). The average weighed CR_, ~was 0.05 and
ranged from 0 to 1.04 (Table 1).

To check whether CRS*mgs had a linear effect on the occurrence of RP, CRS*mgs
was fitted as a fixed class effect in Model 1, with half-sib groups divided into classes
based on the CRs*mgs' The estimates of the incidence of retained placenta for the different
classes are shown in Figure 2. The estimated incidence of RP increases for higher CRS*mgs
classes, except for the class containing CR_ > 0.15, which showed a lower estimate
for the occurrence of RP. The chance of MHC compatibility increases with a higher
CR,., and it is expected that the estimated incidence of RP increases for higher CR,.
Howev