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Abstract While sporadic pregnancy loss is common, occur-
ring in 15 % of pregnancies, recurrent pregnancy loss (RPL)
impacts approximately 5 % of couples. Though multiple
causes are known (including structural, hormonal, infectious,
autoimmune, and thrombophilic causes), after evaluation,
roughly half of all cases remain unexplained. The idiopathic
RPL cases pose a challenging therapeutic dilemma in addition
to incurring much physical and emotional morbidity.
Immunogenetic causes have been postulated to contribute to
these cases of RPL. Natural Killer cell, T cell expression pat-
tern changes in the endometrium have both been shown in
patients with RPL. Human leukocyte antigen (HLA) and cy-
tokine allelic variations have also been studied as etiologies
for RPL. Some of the results have been promising, however
the studies are small and have not yet put forth outcomes that
would change our current diagnosis and management of RPL.
Larger database studies are needed with stricter control criteria
before reasonable conclusions can be drawn.
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Capsule Immunogenetic causes of recurrent pregnancy loss are
promising areas of research that with further study could lead to
improved diagnostic and treatment modalities.
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Introduction

Idiopathic recurrent pregnancy loss (RPL) is a condition that
leads to both emotional and physical morbidity. Additionally,
when these patients do have a successful pregnancy they are at
much higher risk for antenatal complications such as growth
restriction, preeclampsia, and preterm delivery [1]. The re-
peated attempts at becoming pregnant with subsequent mis-
carriages lead many patients to undertake numerous tests and
procedures in order to elucidate their individual cause of RPL.
While patients may discover a uterine anomaly, hormonal
imbalance or karyotype abnormality as the cause of their
RPL, about 50 % remain with the diagnosis of idiopathic
RPL [2]. Chipping away at this catch-all diagnosis by discov-
ering other causes of RPL is important not just for the scien-
tific community but for the patients themselves; providing
them with answers to their condition and, hopefully, leading
to new and more targeted therapies.

Diagnostic criteria of recurrent pregnancy loss

Spontaneous pregnancy loss impacts approximately 15 % of
pregnancies. It is generally defined as a fetal loss prior to
20 weeks (or below a fetal weight of 500 g). Roughly 1 %
of fertile couples will experience a miscarriage, with 12-15 %
of women knowingly suffering at least one miscarriage in
their lifetime [3—7]. Recurrent pregnancy loss is defined as
two or more clinical pregnancy losses. Roughly 5 % of wom-
en will experience two pregnancy losses in sequence, while
1 % will experience three or more [3, 8, 9].

All known causes of RPL

RPL is a highly heterogeneous condition. A successful preg-
nancy is achieved through an appropriate balance of
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communication between mother and fetus via the placenta and
decidua. Disruption or abnormalities in this signaling can re-
sult in loss of the pregnancy [10].

Uterine anomalies such as septa, fibroids, bicornuate, and
unicornuate uteri are all reasons for RPL. Asherman’s syn-
drome (intrauterine adhesions) is another intracavitary cause
of RPL. While some of these distort the cavity, others have
been postulated to cause poor blood supply to the implanted
embryo and growing fetus, leading to miscarriage. Chronic
medical conditions such as diabetes or thyroid disease have
also been noted to increase rates of miscarriage.

Polycystic ovarian syndrome (PCOS) is another cause of
RPL, though the reason for this is still unclear. As a cause of
infertility, PCOS is well known for causing anovulation.
However, once pregnant, it is not clear how PCOS leads to
RPL. Various etiologies have been postulated including
PCOS. Its elevated levels of insulin and luteinizing hormone
(LH) have both been considered plausible reasons for in-
creased numbers of RPL patients in this population.

Luteal phase deficiency, where the corpus luteum degrades
at a faster rate than normal (thereby shortening the amount of
time it produces progesterone) has also been postulated to be a
cause of early pregnancy loss.

Infections can also contribute to early pregnancy loss.
Vaginitis, untreated gonorrhea, or chlamydia are all possibili-
ties. While the TORCH (Toxoplasmosis, Other (syphilis, var-
icella-zoster, parvovirus B19), Rubella, Cytomegalovirus
(CMV), and Herpes) infections have been investigated as
causes of RPL, they likely do not make up a large percentage.
Many infections can lead to endometritis, which is a known
cause of RPL. Endometritis has also been seen to occur on its
own, in environments with no diagnosable infectious source.
Environmental causes can also play a role, including cigarette
smoking, obesity, and toxins such as BPA [11].

Autoimmune disease increases a patient’s risk for miscar-
riage [12]. The lapse of tolerance of self-antigens and in-
creased inflammatory response are both associated with neg-
ative pregnancy outcomes [13]. Systemic lupus erythematous
(SLE) has long been associated with RPL, as well as
antiphospholipid syndrome (APS), which includes RPL as a
diagnostic criteria [14]. APS antibodies induce trophoblastic
apoptosis, lead to abnormal formation of the spiral arteries,
and target the vascular endothelium. APS and autoimmune
related thyroid disorders are identifiable by laboratory testing
and, if managed appropriately, can be controlled to improve
pregnancy outcomes [15]. Those with celiac disease and
Crohn’s/ulcerative colitis can also have autoimmune re-
sponses, which lead to early pregnancy loss. Those with
SLE, inflammatory bowel disease, and autoimmune thyroid-
itis have a statistically significant increased risk of RPL (odds
ratio 1.7-5.3) compared to their controls [16—18]. Other ab-
normal labs can place the patient at risk for RPL. Women with
isolated elevated thyroid stimulating hormone (TSH) have
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higher incidences of pregnancy loss [2, 19]. Also anyone
who tests positive for antinuclear antibody, or anti-thyroid
peroxidase, or other autoantibodies even without a confirmed
autoimmune disease [13, 20-22]. Studies have shown in-
creased rates of these antibodies in RPL patients [2, 23-26].

Inherited thrombophilias are a controversial etiology of
RPL, however many practitioners still test for it. Pregnancy
is a known prothrombotic state, but the impact of inherited
thrombophilias on RPL is not well established. It is well
known that hypercoagulable states impact pregnancy at all
stages including increased risk of blood clots, miscarriage,
preeclampsia, intrauterine growth restriction, abruption, and
stillbirth [2]. Factor V Leiden and Anti-Protein C have both
been noted to affect pregnancy. Factor V Leiden mutations
can also result in Activated Protein C resistance. Protein C is
a key component in the anticoagulant pathway that prevents
the actions of clotting factors V and VIII. Resistance to Protein
C leads to a hypercoagulable state. The association with preg-
nancy loss is however stronger in the second trimester than
with the first, with most studies finding equivalent rates of
Factor V Leiden mutations in RPL populations compared to
the general parous population [2]. However the RPL popula-
tion does have higher rates of Activated Protein C resistance.
This could be due to the variety of mutations. In general, those
who have had unexplained RPL or a history of other pregnan-
cy complications associated with thrombosis or placental in-
sufficiency may benefit from testing for inherited
thrombophilias (including Lupus Anticoagulant, Anti-
cardiolipin, and Anti-32-Glycoprotein, and Factor V Leiden
and G20210A Prothrombin Gene Mutations).

However, after the above causes have been ruled out,
roughly 50 % of RPL cases are still unexplained [9, 27].
Considerable research has gone into further elucidating other
mechanisms for RPL to help treat the patients who fall into the
unidentified category. Two major categories of research have
surfaced: genetic and immunologic etiologies. Many of these
etiologies are thought to be the cause of currently labeled
idiopathic RPL. Population-based studies have shown that
the frequency of miscarriages is higher amongst siblings with
idiopathic RPL compared to the general population, suggest-
ing a possible inheritable cause [28, 29].

Genetic causes

Studies that look at the genetic causes of RPL have multiple
aims, two of which are to identify genetic markers (DNA/
RNA), which have direct predictive value regarding couples
at risk for RPL, and/or to determine the specific pathways,
which are involved in implantation and pregnancy [10].
There are three different genetic profiles that can be evaluated:
the mother, the father and the fetus/placenta (along with the
epigenomes of the fetus and placenta) [10].
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Well-known genetic causes of RPL are translocations, both
balanced and Robertsonian. Balanced translocations are when
two autosomes exchange pieces. Robertsonian translocations
occur when the ends of two acrocentric chromosomes merge,
loose their short arms, and form a single chromosome at the
centromeres. In both cases the carriers are phenotypically nor-
mal but can create haploid or unbalanced gametes when they
undergo meiosis. Combining these gametes with a chromo-
somally normal gamete of the partner can lead to an embryo
that has an abnormal number (excess or reduction) of chro-
mosomal information. Inversions are less common than trans-
locations and often times have no reproductive implications if
they are pericentric [2].

Gross chromosomal defects are a major player in RPL.
Over 90 % of the chromosomal abnormalities seen in miscar-
riages are numerical (polyploidy, aneuploidy). There is a di-
rect correlation between increasing age of the woman and
degradation of the cellular controls that manage spindle cell
formation and function [2]. This is especially true in women
over 35 years old, with trisomy 16 being the most common
[30].

Other genetic causes of RPL may involve varying allelic
expression, with many studies evaluating different genes and
showing mixed results [31]. Those evaluated include ones
involved in VEGF expression, homocysteine production
(MTHFR gene), cell adhesion, and intracellular signaling, as
well as hormone receptors [31-33]. Kosova et al. have found
differential expressions of TGF-f3, lymphocyte functional as-
sociated antigen-1 (LFA-1) (CD56++ NK cells receptor),
INPP5D and HAVCR2 (both of which have roles in
immunomodulation) in out-of-phase endometrial histologies
as well as those who have abnormally elevated levels of en-
dometrial Cyclin E (a possible key genetic regulator during
the mid-luteal phase). Left-right determination factor 2
(LEFTY?2), important in endometrial bleeding and shown to
be associated with implantation failure when overexpressed,
was upregulated in out-of-phase endometrium [31].

In evaluating genetic causes, it is clear that some of the
genes differentially expressed in PRL patients will have im-
munologic purposes [31].

Well-known immunologic causes of RPL include all of the
aforementioned autoimmune diseases, however, there are also
alloimmune causes that have been postulated. While the fetus
does exist in a relatively immune-privileged state, there are
inflammatory responses that must occur at the appropriate
time and strength for human implantation to occur. There are
components of the immune system that can either promote or
suppress trophoblastic implantation [34, 35]. The entire state
of pregnancy is in fact a proinflammatory state with most
markers being elevated for the duration of pregnancy, includ-
ing TNF-e«, IL-1, IL-6, and IL-10, along with reduced levels
of IL-2 and IFN-y [36]. These changes are thought to be
mediated by estrogen and progesterone. While estrogen is

proinflammatory, progesterone is thought to be immunosup-
pressive, normally resulting in a balance [37].

Acquired alloimmune causes such as anti-paternal
lymphocytotoxic antibodies and maternal blocking antibodies
are both antibody types created in response to the presence of
the fetus but have not been proved to cause RPL.

The goal of this paper is to discuss the immunologic causes
of RPL that are genetically linked. While there are many stud-
ies out there from case reports to meta-analysis which describe
the various possible immunogenetic causes of RPL, the goal
of this review is to synthesize the main findings currently in
the literature and discuss areas where further investigation
may be warranted.

Immunogenetic causes

The endometrium of the uterus is in a constantly dynamic state
[12]. The receptive stage for pregnancy during a menstrual
cycle is usually cycle days 1620, the mid-luteal phase (as-
suming a 28-day menstrual cycle) when the cells are most
receptive to implantation. During pregnancy this is known
as decidualization [38, 39]. During this time, the endometrium
must undergo critical changes for successful implantation
[40]. During decidualization, mushroom-shaped projections
from the endometrium, called pinopods, form tight junctions
with the blastocyst tissue. This allows for the communication
and recruitment of immune cells. Immune cells from the ma-
ternal side can interact with the fetal cells throughout the
syncytiotrophoblast which covers the placental villi as well
as the implantation site where the extravillous trophoblasts
invade into the decidua [12].

Kosova et al. have shown allelic variance as well as varying
expression of immune cells including leukocytes, lympho-
cytes, and T cell activation in patients with RPL [31], The
balance between the immune promotion and suppression is
postulated to be necessary for the development of the fetus
[12, 41]. Here we discuss various types of immune cells, an-
tigens, and cytokines and their genetic variation in RPL.

Natural Killer cells

Uterine natural killer (NK) cells are cytokine producers pre-
senting early in pregnancy in the decidua in response to tro-
phoblast antigens [42]. They are the dominant lymphocyte in
the uterus, representing roughly 70 % of all present lympho-
cytes [13]. They are regulated by both hormonal changes and
trophoblast invasion, migrating from the bone marrow (Fig. 1)
to the uterus in response to progesterone and estrogen [2]. NK
cells get rid of cells by detecting altered MHC class I proteins
and destroying them using perforin and granzymes, causing
apoptosis of the extracellular villous trophoblast cells. They
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Fig. 1 Natural killer cells. NK Bone Marrow
cells migrate from the bone
marrow to the uterus in response
to progesterone and estrogen [17].
NK cells detect altered MHC
class 1 proteins and use perforin
and granzymes to destroy
extravillous trophoblastic cells
[42]

Extravillous
Trophoblastic Cells

Decidua
Maternal Blood

Trophoblast

can be activated by interacting with human leukocyte antigen
(HLA)-G, HLA-E, or HLA-C antigens (which will be
discussed later) on the placental surface. When functioning
properly, HLA-G and HLA-E should down regulate NK func-
tion [43]. They are essential for trophoblastic migration and
invasion, changing character and cytokine expression during
the menstrual cycle. They can secrete IFN-y to induce local
angiogenesis and spiral artery formation [42, 44, 45].
However, when activated by HLA-G or HLA-C, they can lead
to defective proliferation and invasion of the feto-maternal
surface [45-53].

Mouse models have shown excessive levels of NK cells in
the decidua are seen in mice with RPL. This has also been
observed in women with RPL though the etiology remains
unclear as to whether these are the result or cause of RPL [2].

Certain phenotypes of NK cells are found more commonly
in successful pregnancy. CD56bright NK cells are noted to
release high numbers of cytokines but have low cytotoxicity
for the pregnancy [12, 13, 46, 54]. CD56bright NK cells exist
in higher numbers in fertile patients” endometrium than their
RPL counterparts with lower CD56bright/CD56dim ratios in
the latter patients. They also have lower ratios in their periph-
eral blood [54]. CD56bright NK cells were found to have
decreased numbers in the decidua of chromosomally normal
miscarriages compared to aneuploid miscarriages. Peripheral
blood NK cells in the presence of the uterus may also be a
cause of RPL. They have been shown to produce embryotoxic
levels of cytokines when stimulated by trophoblastic antigens
[48].

CD56bright NK cells express LFA-1 receptors, which are
necessary for successful implantation, and, as stated above,
are shown to be downregulated in patients with RPL [31,
55, 56].

However, practical assessment of NK cells in patients is
difficult. Christiansen et al. have noted that NK cell evaluation
in endometrial tissue is prone to errors. Peripheral blood
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evaluation is much more objective. However, as stated above,
peripheral levels are not indicative of uterine cells [13].

Mast cells

Mast cells are also important mediators of implantation, being
moderated by estrogen and progesterone. They exist in the
peripheral circulation and the uterus and during normal preg-
nancy are found to be elevated in the areas around vessels at
the maternal-fetal surface. They are important in regulating
placentation, tissue remodeling, spiral artery formation, and
angiogenesis. Studies in mice have shown that those who lack
mast cells have impaired implantation with dysregulation of
TGF-{3 expression and defective spiral artery formation, with
intrauterine growth restriction for those pregnancies that do
survive. This is resolved by restoration of bone marrow-
derived mast cells [57, 58].

Macrophages

Macrophages are also known to accumulate at the site of im-
plantation. Their quantities increase in the endometrium dur-
ing the late secretory phase and help eliminate pathogens [59].
They have immunosuppressive roles in the decidua, however
studies have shown that they secrete both proinflammatory
and anti-inflammatory cytokines, which could assist with the
balance of establishing pregnancy [60—62].

Polymorphonuclear neutrophils
Polymorphonuclear neutrophils (PMNs) are active during

tissue remodeling, promoting angiogenesis especially in
the setting of infection [63]. They produce defensins,
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which promote endometritis, which is a current known
cause of RPL [9, 27, 64-67].

T cells

T cells differentiate into multiple subsets in response to inter-
nal and external signals (Fig. 2).

T regulatory cells

T regulatory (Treg) cells (identified by their CD4+CD25+
phenotype as well as intracellular FoxP3) function to prevent
autoimmunity by adapting in response to self and nonself
antigen exposure. They regulate both Thl and Th2 cells and
secrete TGF-3 and IL-10 [42]. They are key in the early rec-
ognition of fetal tissue and development of tolerance. Even on
the fetal side, maternal cells, which cross the placenta, have
been shown to reside in the lymph nodes, induce fetal Treg
cells, which then suppress fetal anti-maternal immunity. The
maternal Treg cells migrate in response to maternally secreted
estrogen and blastocyst secreted bHCG, and peak in the en-
dometrium during implantation. They also proliferate in re-
sponse to granulocyte colony stimulating factor (G-CSF).
Some have postulated that this action of G-CSF may reduce
the incidence of miscarriage as they can recognize HLA-C on
extravillous cytotrophoblasts [68—70, 87].

Dysfunction of Treg cells can lead to known complications
of autoimmune diseases such as SLE and type I Diabetes.
Altered Treg function is noted in abnormal pregnancies [68,

87]. The levels of Treg cells in RPL patients have been noted
to be lower in the decidua and peripheral serum than of their
control counterparts [71, 88, 89]. Using foxP3 as a marker of
Treg function, a two-fold reduction was noted in its expression
in the endometrium of patients with primary infertility [71].

CTLA-4, an inhibitor of T cell proliferation, is involved in
autoimmune disease. Dysregulated forms of this are theorized
to be involved in miscarriages, however there is little data out
there currently on this [81].

And given that Treg cells function to regulate both Th1 and
Th2 cells, it is possible that changes in expression of Treg cells
can lead to alterations in expression of Th1 and Th2 cells.

T-helper lymphocyte-1 cells

T-helper lymphocyte-1 (Thl) cells are produced from expo-
sure to INF-y. They secrete IL12 and IFN-y and have the
primary purpose of fighting intracellular infections [42]. Thl
type immunity is thought to possibly be harmful to the fetus
[42]. Approximately 15-20 % of women with unexplained
RPL have abnormal Thl cell response to trophoblast antigens
in vitro [2]. Th1 cells can induce TH17 and NK cells which
have both been implicated in cellular dysregulation leading to
RPL.

T-helper lymphocyte-2 cells

T-helper lymphocyte-2 (Th2) cells produce IL-4, IL-5, and IL-
13. Their primary functions are elimination of helminth infec-
tions and management of allergic disease [42]. Thl and Th2

Estrogen
(maternal)

G-CSF

BHCG
(from blastocyst)

TGFB

™~

Inflammation > 1L-17,21,22

s

>

—¥ TNFa
- |L-5,13

Fig.2 T cells. T cell expression and regulation is an important process in
the establishment and maintenance of early pregnancy. There are still
many unknowns regarding their mechanisms of action. This diagram
gives a general overview. Estrogen, BHCG, and G-CSF are all known
to induce expression of Treg cells and migration to the endometrium
[68=71]. There they express IL-10, TGF{3, and TNFe [10]. TNF-« is
produced by all CD4+ T cells [11, 72—75]. IL-10 inhibits macrophages

and Thl cell proliferation [76, 77]. Thl cells both produce and are pro-
moted by IFN-y [11, 72, 73, 78, 79]. They secrete IL-12 as well [41].
They can induce Th17 and NK cells. Th2 cells produce IL-4, -5, -13 [41].
IL-4 is known to inhibit Th1 [76]. IL-6 is known to promote Th2 cells
[80]. Th17 are derived in response to TGF[3 and IL-6 as well as inflam-
mation [41]. They secrete IL-17, -21, -22 [41, 81-86]
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cells inhibit one another and are both regulated by Treg cells.
An overexpression of Th1 immunity has been thought to play
a role in RPL. Counter to that, serologic shifts which show
greater Th2 immunity have also been correlated with pregnan-
cies that progress longer [90, 91].

T-helper lymphocyte-17 cells

T-helper lymphocyte-2 (Th17) cells are derived from naive
CD4+ T cells in response to TGF-beta and IL-6 (during in-
flammation or infection) [42]. They co-express the chemokine
receptor (CCR) 4 and CCR6, which allows them to migrate to
mucosal areas and provide protection against bacteria and
fungi. In the mucosal membranes they secrete IL-17, as well
as IL-21 and IL-22. IL-17, in conjunction with neutrophils,
works to eradicate extracellular organisms. IL-17 also works
synergistically with IL-1 and TGF-« to induce matrix metal-
loproteinase (MMPs), which are known to be key in the de-
velopment of early pregnancy. Dysregulation of MMPs can
lead to miscarriage. Increased levels of Th17 cells have been
found in the decidua and peripheral blood of patients with
RPL compared to their controls. They have a negative impact
on the early stages of pregnancy [42, 76, 82—85, 89].

Gamma-T lymphocyte cells

Gamma-T lymphocyte (Y-T) cells are also found in peripheral
blood and in the decidua during pregnancy. Decidual y-T cells
are CD4-CDS8-Tcells that have cytolytic properties through the
production of Granzyme A and perforin. They are capable of
inducing autoantibodies through autologous B cells [86, 92,
93].

Human leukocyte antigens

The placenta allows for interaction of immune-competent
cells from the fetus to the mother and vice versa, resulting in
the maternal tolerance to the fetus. HLA alleles are expressed
on the extravillous trophoblast at the base of anchoring villi in
proximity to maternal immune-competent cells. HLA-C, -E
and -G are expressed on the decidua [13].

It is postulated that HLA sharing depresses the maternal
immune response that is necessary for implantation [41, 94].
Postulations have been made that inbred populations (such as
the Hutterites) have major histocompatibility complex HLAs
shared between mother and father which can lead to RPL [2].
Other studies have supported this theory with higher rates of
RPL seen in couples with HLA compatibility [41]. One study
found increased frequencies of identical HLA-A and HLA-B
alleles in families with higher rates of RPL [95]. HLA alleles
have been previously shown to exhibit positive linkage dis-
equilibrium [95]. One study reviewed a series of RPL patients
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and their HLA typing, found strong positive linkage disequi-
librium between HLA-G14 insertion polymorphism, and
HLA-A*01, -A*11, -A*31, -B*08, and DRB1*03. A strong
negative linkage equilibrium was found between HLA G14
insertion and HLA-A*02, -A*03, and -A*24. The frequency
of the genotypes with the insertion inherited from the mother
was significantly increased in patients with RPL [94, 96].
HLA alleles are on chromosome 6. They are the human
versions of MHC genes. Class I HLAs present peptides from
within the cell. Class II present antigens outside of the cell.

HLA-G

HLA-G is an MHC Class I antigen and is expressed on the
fetal placental cells. It binds to killer cell receptors, blocking
their activity [2, 97]. They can bind to NK cells in the serum or
in the trophoblast [52]. They have both immunosuppressant
and immunotolerant features in the development of the fetus
[98]. HLA-G is monomorphic at the protein level, so allele
variations will likely not alter NK cel/HLA-G interactions.
However, allele differences, leading to lower solubility of
HLA-G, likely do alter NK functions. There are various poly-
morphisms of this gene and those which lead to lower produc-
tion levels have been considered as a cause of RPL [2, 98, 99].
Homozygosity for a 14-base pair insertion in the HLA-G gene
exon 8 produces low soluble HLA-G [13]. One study noted
increased miscarriage rates in polymorphisms of the HLA-G
promoter region, finding the -725C/G allele to carry increased
risks for miscarriage [97]. Other studies have shown that
HLA-G polymorphisms in conjunction with H-Y Antibodies
(male-specific minor antigen) in a male fetus can lead to RPL,
as well as a significantly decreased birth weight in a male
offspring [12].

HLA-C

HLA-C also interacts with NK cells, and is responsible for the
autologous recognition of the fetal tissue. They are expressed
on the extravillous trophoblast and can bind to NK cells via
the killer immunoglobulin like receptors (KIRs) and have
been postulated to mediate trophoblast invasion. HLA-C has
the most polymorphisms of the HLAs expressed on the tro-
phoblast [13]. Defective HLA-C polymorphisms can have a
strong inhibitory action on NK cells, which leads to defective
trophoblast proliferation and invasion, leading to RPL and
possibly growth restriction [13, 52, 100, 101]. There are two
main allotype groups, which have been identified. HLA-C1
allotypes inhibit KIR2DL2/3 and activate HIR2DS2 recep-
tors. HLA-C2 allotypes inhibit KIR2DL1 and activate
KIR2DSI1 receptors [13]. In one study, HLA-C1 was found
in greater frequency of RPL patients compared to HLA-C2
[53]. Another study noted women who had a history of RPL
and preeclampsia had higher chances (compared to their
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normal peers) of carrying KIR genotypes (AA genotypes)
with increased levels of inhibitory receptors in combination
with paternal HLA-C2 expression on the trophoblast. This
combination is postulated to lead to higher rates of uterine
NK cell inhibition and decreased cytokine levels at the
maternofetal interface, which can lead to defective prolifera-
tion [102]. Hiby et al. also noted that variations in HLA-C2
genotypes independently lead to RPL, especially when this
occurs on the paternally derived HLA-C2 [52]. However, a
pooled analysis of studies regarding sharing of HLA-C alleles
showed no increased risk of RPL [103].

HLA-E

Studies show conflicting evidence regarding HLA-E alleles
and RPL. One study showed no association with RPL and
HLA-E compatibility, however, another did note that certain
genotypes had higher frequencies in the maternal genotypes of
RPL patient populations. All of these studies were small and
localized to one ethnic group [104—106].

MHC class II alleles have more recently been studied for
their link to RPL. While some will be discussed later in the
Anti-HY section, we touch on them here. There are other
Class II antigens, which are being explored but have not had
much research to date.

HLA-DP

HLA-DP antigens were also explored as an etiology of RPL
with one study showing increased levels of certain alleles in
RPL patients; but clear linkage has not been shown [107].

HLA-DQ

Mueleman et al. did find that HLA-DQ sharing had an OR that
trended in favor of association with RPL between HLA-
DQB1 and HLA-DQ [103]. Two small studies suggest a link-
age between RPL and HLA-DQBI allele [108, 109].

HLA-DR

The meta-analysis by Muelman et al. showed an increased risk
of RPL in couples with HLA-DR sharing [103]. Another
meta-analysis has looked at HLA-DRI1 and -DR3 and its links
to RPL. It found HLA-DRI1 to have statistically significant
links to RPL (odds of RPL 1.29, 95%CI 1.05-1.58 p<0.05),
whereas no association was found for HLA-DR3 [110].
Significant associations were observed for phenotypic fre-
quencies of HLA-DRB1*4, HLA-DRB1*13, HLA-
DRB1*14 and HLA-DRB1*15 with RPL. However, after
correcting for multiple testing none of these were statistically
significant [103].

Further studies are needed to look at the role of HLA com-
patibility from mother to fetus. Currently, the majority focus
on HLA compatibility within couples but do not address the
intersection of mother and fetus as it relates to RPL [41]. Most
studies are also still relatively small, with much heterogeneity
between studies, leading to difficulty in drawing consistent
conclusions. The meta-analysis by Meuleman et al. aimed to
attempt to address this, however even they still found it hard to
assess [103].

HY-antibodies

HY-Antibodies are male-specific minor antigens. They are
ubiquitously expressed on the Y chromosome. HY-
antibodies have been found in approximately 30 % of females,
but in few males [111]. They are found primarily in patients
with secondary RPL who had a firstborn male. Studies have
shown reduced probabilities of subsequent live births with the
majority of successful ones being female offspring [13, 96,
112]. When compared to those with similar genotype who
had a firstborn girl, the latter statistically did not suffer from
the same complications [13, 100, 101, 112].

HLA class IT alleles seem to be the ones related to Anti-HY
immunity. Nielsen et al. noted HLA-DRB1*15, HLA-
DQB1*05:01/02 and HLA-DRB3*03:01 (which are often
termed HY-restricting) were found to have increased rates of
expression in patients with secondary RPL who had a first-
born boy that was stillborn or low birth weight, however these
increased rates were not noted in those with a firstborn boy
with a normal weight [113].

Christiansen et al. studied a cohort of women with unex-
plained secondary RPL and followed them in their subsequent
pregnancy, finding that there was a 46 % rate of miscarriage in
the patients with a firstborn boy and 24 % in patients with a
firstborn girl (p<0.0001). Carrier status of HY-restricting
HLA class I alleles did not alter pregnancy prognosis between
these two groups. However patients carrying HY-restricting
HLA class II alleles reduced the risk of pregnancy in the
firstborn boy cohort by roughly 50 %, while carrying two
alleles further reduced it to roughly 20% compared to patients
with firstborn boys not carrying HY-restricting HLA class II
alleles. However, if the child, but not the mother, carried the
HY-restricting HLA class II alleles, there was no impact on
future pregnancies of the mother [112].

However, the study by Nielsen et al. regarding HLA anti-
body presence in patients with secondary RPL who had de-
livered a boy, found both HLA class I and II alleles with
higher frequency in these patients compared to those who
had a firstborn girl or those with primary RPL, with the ma-
jority being HLA class I. When they looked at the timing of
expression, they noted that patients with early presence of
HLA antibodies during pregnancy were more likely to have
a miscarriage compared to those without early presentation,
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however, when in pregnancy this Early presentation could
have started, or how rapidly it might progress to signal mis-
carriage risk, is unclear [101].

The pathogenesis for this has multiple theories. One, it is
thought to be related to the mechanism by which HY-
antibodies are presented. One thought is that the HY peptides
are presented via maternal antigen-presenting cells to CD4+ T
cells in the presence of HY-restricting HLA class II molecules.
However, CD4+ T cells with anti-HY specificity have not yet
been isolated. Another mechanism may be B cell production
of anti-HY-antibodies. In addition, the pro inflammatory pro-
file of late pregnancy may lead to increased exposure of HY-
antigens in a male fetus. Given that, Nielsen at al. noted higher
rates of RPL after a firstborn boy who was stillborn or lower
weight; this may be due to the increased cytokine profile of
those pregnancies. All the above theories surmise that with the
next pregnancy the adaptive immune response against the HY
antigen would result in increased miscarriage or low birth
weight against male fetus’ and bias towards female fetuses
[13, 112].

Cytokines

Cytokines are proteins that are important in intercellular com-
munication especially in things like inflammation. Patients
with recurrent miscarriages have increased expressions of cy-
tokines in the placental tissue [2]. Here, we will touch on some
of the ones most commonly studied in RPL.

IL-1

IL-1 is an important inflammatory marker in early pregnancy,
but increased expression later on, in conjunction with its re-
ceptor IL-1R, could have deleterious effects on the pregnancy
[114]. There are various polymorphisms of IL-1. The most
studied is IL-1f3. Studies are conflicting regarding its associ-
ation with RPL. Multiple studies have not yet shown any
significant association between RPL and genetic polymor-
phisms of IL-1[3, however ones have found significant asso-
ciations between them (pooled odds ratio (OR) 2.12 (95 %
confidence interval (CI) 1.04 to 4.33)) [77, 115, 116]. One
study also noted a relationship between RPL and IL-1RA,
IL1RN*2, and ILIRN*3 [115].

IL-4

IL-4 is key in developing Th2 cells. IL-4 has also been thought
to be protective for pregnancy as it inhibits Thl activation
[91]. While studied in the past, so far no significant associa-
tion between IL-4 genetic polymorphisms and RPL has been
found [117, 118].
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IL-10

IL-10 is thought to be important during embryonic develop-
ment by inhibiting Th1 and macrophage function [91, 114].
One meta-analysis performed did not show any significant
association between RPL and genetic polymorphisms of IL-
10, however other individual studies have noted a statistically
significant associations (especially with IL-10 alleles -1082
and -592) [77, 115, 117, 119, 120]. Overall, the role of IL-
10 in RPL still needs further exploration.

IL-6

IL-6 is a cytokine known to promote the differentiation of Th2
cells and subsequent suppression of Thl cells in conjunction
with IL-4 [121]. There are conflicting results on significance
of IL-6 genetic polymorphism impact on RPL. Various studies
noted that there were increased levels of IL-6 as well as its
receptor in RPL patients [80, 114], while others have noted
decreased expression levels [114, 122]. A meta-analysis
showed that there was no impact on RPL of the IL-6 (-
174G) polymorphism however there was a statistically signif-
icant association between RPL and those carrying IL-6 (-634)
polymorphism in more than one study [77, 115]. Another
study, which evaluated the genotypes of RPL patients with
ethnically matched controls, did not find any association be-
tween RPL and IL-6 polymorphisms [119].

IL-8

IL-8 is involved in leukocyte recruitment and proliferation. It
has not been studied greatly, however in patients with euploid
miscarriages, upregulation of the proinflammatory IL-8 in the
decidua has been seen [123].

IFN-y

IFN- is key in developing Th1 cells. These cells also release
IFN-y to promote inflammation. It has been shown to be
elevated in RPL patients [13, 72, 78, 79, 124]. Significant
associations between RPL and the IFN-y(+874) polymor-
phisms have been found [115, 119, 120]. However, a meta-
analysis performed did not show any significant association
between RPL and any genetic polymorphisms of IFN-y [77].

TNF-x

TNF-« is involved in inflammation and is released by multi-
ple cells including CD4+ T-cells, NK cells and macrophages.
TNF-o has been shown to be increased in euploid compared
to aneuploid miscarriages, as well as increased compared to
the euploid pregnancies that survive [13, 7274, 79]. This
increase has also been noted in their peripheral blood.



J Assist Reprod Genet (2016) 33:833-847

841

Another study showed a trend for association between RPL
and certain TNF-o genotypes (—308 A?A and A/G
(OR=1.61; p=0.18)) [119]. However, two studies performed
did not show any significant association between RPL and
genetic polymorphisms of TNF-« [77, 120]. If there is a rela-
tionship it is possibly a weak one. Increased levels of both
TNF-« and IFN-y have been linked to increased levels of
NK cell, as well as macrophage, activation [91].

Other cytokines

Other molecules that participate in immune response have
been studied as well. Mannan-binding lectin (MBL) partici-
pates in the innate immune system and has also been postu-
lated to be involved with RPL. It binds to the surface of mi-
croorganisms and activates the lectin pathway of the compli-
ment system, enhancing phagocytosis. It may also work to
clear apoptotic cells, debris, and immune complexes. A defi-
ciency of MBL may lead to decreased clearance of particles
resulting in inflammation. Christiansen et al. noted increased
rates of MBL deficiency in women with unexplained second
trimester losses, as well as those with miscarriages as a result
of cervical insufficiency. MBL deficiency may be caused by
variations in the MBL2 gene, which has three known poly-
morphisms in the exon 1 region [13]. While two other large
studies showed low levels of MBL in the PRL population, it is
also true that the majority of patients with low MBL do not
experience RPL [75, 125, 126].

Conclusions

There are a few overarching questions that are raised by the
above data.

The first is whether the above immune responses cause or
are in response to the pregnancy loss.

Second is whether or not there is one immunogenetic
cause that would rise above the others as a prominent
etiology of RPL. As ecutherian (placental) mammals,
humans evolved this ability to undergo decidualization
of the endometrial stroma, with direct implantation of
the fetus. During this time, the maternal immune system
must recognize the pregnancy and develop maternal
immunotolerance of the fetal allograft, which allows for
survival of the pregnancy. Kosova et al. postulated that
the genes involved in immune expression, which evolved
as a function of eutherian pregnancy, are preferentially
dysregulated in the endometrium of patients with RPL
[31]. The dysregulation of any one of these genes may
lead to failed implantation and thus could benefit from
future research. This could include understanding the cas-
cade effect of the immune system. For example, alter-
ations in T cell expressions including decreased Treg

and Th2, and increased TH17 and Thl could promote an
inflammatory state promoting expression of dysregulated
cytokines that is toxic to the early pregnancy. Ole
Christiansen has postulated that immune mechanisms
protecting the fetus are likely redundant given the impor-
tant need for reproductive success in a species. Thus there
are likely both innate and adaptive immune systems at
work to grow and protect the developing pregnancy.
Given this, he believes that individual failures of one sys-
tem will not inherently lead to miscarriage, but rather
combinations of failures of the innate and adaptive im-
mune systems at the trophoblast are what can lead to
RPL [13].

Treatment

So how could this data impact treatment?

Steroid therapy has been used in the past with autoimmune
diseases and RPL and may be beneficial for unknown etiolo-
gies as it has been shown to increase Treg function [127, 128].
Prednisolone has also been shown to reduce uterine NK cell
levels in patients with RPL [129].

Progesterone could be a treatment for RPL by normalizing
the expressions of genes involved in implantation. Some of
those that Kosava et al. noted dysregulated in the patients with
out-of-phase endometrium or abnormal Cyclin E levels are
also controlled by progesterone and thus could have changes
in their expression patterns by its administration [31]. While
there are currently ongoing randomized control trials to eval-
uate the use of progesterone in RPL, current literature is con-
flicting and would overall not support routine use [130].

Paternal leukocyte immunization has been trialed as a treat-
ment to reduce maternal NK cell response to fetal circulating
antigens. The theory stems from successful treatment of trans-
plant patients with third-party leukocytes on allograft rejec-
tion. However, studies done in patients with RPL have yielded
conflicting results. The largest trials have shown no benefit
[131, 132].

Intravenous immunoglobulins (IVIG) have also been stud-
ied as a means of suppressing the maternal immune response.
Results of multiple studies have failed to show benefit in im-
proving pregnancy outcomes in patients with RPL [132—134].
One randomized study noted no difference in birth outcomes
of patients taking IVIG versus placebo [135]. However, there
is evidence that IVIG does reduce levels of NK and NKT
[136, 137].

TNF-inhibiting factor treatment is another controversial
treatment in early study. Risks of this treatment include, but
are not limited to, developing granulomatous disease, lympho-
ma, and demyelinating diseases [126].

But what about identifying these underlying
polymorphisms?
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Table1 Study size. Selection of studies reviewed and their sizes as well as overall outcomes (were the levels in the RPL patients increased, decreased
relative to controls; were there allelic variations; or was there no association between RPL status and that cell/protein)

Study

Sample size®

Levels in RPL patients (relative to controls)

NK cells®

Mast cells
Macrophages
T cells

T Reg

CTLA-4
TH2
THI17

HLA
HLA Sharing

HLA-G

HLA-C
HLA-CI
HLA-C2
HLA-E

HLA-DP
HLA-DQ Sharing
HLA-DQB!
HLA-DR Sharing
HLA-DR1
HLA-DR3
HLA-DRB
HY-antibodies

Cytokines
IL-18

IL-1R

IL-4
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Sheshadri et al. [45]
Park et al. [46]
Thum et al. [47]
Polgar et al. [48]
Hiby et al. [52]
Faridi et al. [53]
King et al. [54]
Kodama et al. [54]
Fukui et al. [56]
Woidaki et al. [57]
Houser et al. [62]

Jasper et al. [71]

Jin et al. [88]

Tsai et al. [81]
Kwak-Kim et al. [90]
Wang et al. [76]
Szereday et al. [84]
Saifi et al. [85]

Beydoun et al. [41]
Kolte et al. [96]
Moghraby et al. [94]
Christiansen et al. [95]
Hviid et al. [99]

Ober et al. [97]

Hiby et al. [52]

Faridi et al. [53]

Faridi et al. [53]

Kanai et al. [104]
Mosaad et al. [105]
Steffensen et al. [106]
Takakuwa et al. [107]
Meuleman et al. [103]
Aruna et al. [108]
Steck et al. [109]
Mueleman et al. [103]
Christiansen et al. [110]
Christiansen et al. [110]
Mueleman et al. [103]
Christiansen et al. [112]
Nielsen et al. [101]

Bombell et al. [77]

Choi et al. [115]

Traina et al. [116]

Choi et al. [115]
Kamali-Sarvestani et al. [117]

Meta-analysis {22 studies
22

138

32

12

177

147

42

82

42

22
32
60
47
30
8+ (control values not stated)
40

Meta-analysis 40 studies
276

253

29

183

403

12

177

177

30

228

232

60

Meta-analysis 41 studies
293

57

Meta-analysis 41 studies
Meta-analysis 18 studies
Meta-analysis 18 studies
Meta-analysis 41 studies
358

93

Meta-analysis 16 studies
Meta-analysis 5 studies
280

Meta-analysis 4 studies
282

Increased
Increased
Increased
Increased
Allelic variation
Allelic variation
Increased
Increased
Increased
Decreased

Allelic variation

Decreased
Decreased
Allelic variation
Decreased
Increased
Increased

Increased

Increased/decreased/no association
Increased/allelic variation
No association

Allelic variation

Allelic variation
Increased/allelic variation
Allelic variation
Increased

Decreased

No association

Allelic variation

No association

Allelic variation
Increased

Increased

Increased

Increased

Increased

No association

Increased

Increased

Increased

Increased
Increased/allelic variation
No association
Increased/allelic variation

No association
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Table 1 (continued)

Study

Sample size®

Levels in RPL patients (relative to controls)

Saijoet al. [118]

319

IL-10 Bombell et al. [77] Meta-analysis 16 studies
Choi et al. [115] Meta-analysis 5 studies
Kamali-Sarvestani et al. [117] 282
Daher et al. [119] 156
Deihl et al. [120] 95
IL-6 Arruvito et al. [80] 137
Koumantaki et al. [122] 141
Bombell et al. [77] Meta-analysis 16 studies
Choi et al. [115] Meta-analysis 4 studies
Dabher et al. [119] 156
IL-8 Krieg et al. [123] 16
Koumantaki et al. [122] 141
IFN-gamma Christiansen et al. [13] DELETE
Kalu et al. [124] 28
Calleja-Agius et al. [79] 106
Calleja-Agius et al. [72] 35
Choi et al. [115] Meta-analysis 4 studies
Daher et al. [119] 156
Deihl et al. [120] 95
Bombell et al. [77] Meta-analysis 16 studies
TNF- Calleja-Agius et al. [79] 106
Calleja-Agius et al. [72] 35
Mueller-Eckhardt et al. [74] 52
Dabher et al. [119] 156
Bombell et al. [77] Meta-analysis 16 studies
Deihl et al. [120] 95
MBL Kruse et al. [75] 532
Kilpatrick et al. [125] 243

No association

No association
Increased/allelic variation
Allelic variation
Increased

No association

Allelic variation
Decreased

No Association
Increased/allelic variation
No association

Increased

Decreased

Increased

Increased

Increased

Increased
Increased/allelic variation
Increased

Increased

No association

Increased

Increased

Increased

Increased

No association

No association

Increased

Decreased

#When the sample size was based on couples, the number of couples is provided

® Certain studies addressed specific alleles only, please see text for more in depth description

Main treatment goals for patients with RPL still stem from
identifying and remedying underlying causes. These include
weight loss, thyroid correction, and diabetes management.
Jauniaux et al. have also recommended that parental
karyotyping only be performed when the probability of carrier
status is >2.2 % (roughly those who are under 39 with a family
history of RPL and a personal history of two miscarriages, or a
negative family history with three or more miscarriages, and
those 36 and younger with two or more miscarriages) [126].

Testing is difficult for many immunologic cell lines and
cytokines. Testing for peripheral NK cell levels gives little to
no useful information regarding the numbers of uterine NK
cells [138].

Currently, there is insufficient evidence to support the in-
clusion of cytokine polymorphisms in the routine workup of
RSA patients [11].

Future studies

Future studies in the field of genetics and immunological causes
of RPL would benefit from larger database studies, as many of
the current studies are still small (Table 1), which focus on the
genetics of the mother/father and fetus/placenta as well as con-
trols from viable pregnancies from these couples, if they exist.
This would allow for more specific analysis of allele specific
expression and/or epigenetic modifications. Most current stud-
ies regarding genetic causes suffer from one or more of the
following issues: focusing on the genetics of the mother rather
than couples, low statistical power, ethnic/population varia-
tions, lack of control for environmental and/or lifestyle factors,
and/or lack of control for secondary pathways which affect the
protein translation and metabolism which can lead to differ-
ences in genotype expressions [10, 98].
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Future studies could also benefit from stricter criteria re-
garding patients included. Mueleman et al. recommended
restricting criteria to patients with three miscarriages and also
ensuring that those with other explanatory factors be excluded
[103].

It will also be important to ensure that if/when cytokine
analysis are used for patients that genotype frequencies be
clearly understood, as many of the above studies show prev-
alences specific to one ethnic group and may not be extract-
able to larger populations [32].
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