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Commentary

During embryo implantation and initiation of pregnancy, uterine NK (uNK) cells engage
invasive fetal trophoblasts to remodel vessels that conduct blood to the placenta. This
partnership, involving uNK cell receptors that recognize HLA-C ligands on trophoblasts,
varies the course of human pregnancy because the genes for both receptors and ligands
are extraordinarily diverse. Several pregnancy disorders are attributed to insufficient
trophoblast invasion and the limitation it imposes on human reproduction. Previously, a
particular combination of fetal HLA-C and maternal inhibitory uNK cell receptor was
associated with predisposition for preeclampsia. In this issue of the JCI, Hiby and
colleagues extend this correlation to recurrent miscarriage and fetal growth restriction,
revealing the common mechanism underlying these common pregnancy syndromes.
Equally important, they show that mothers with an activating receptor of similar specificity to
the inhibitory receptor are less likely to suffer disordered pregnancy.
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During embryo implantation and initiation of pregnancy, uterine NK (uNK)
cells engage invasive fetal trophoblasts to remodel vessels that conduct
blood to the placenta. This partnership, involving uNK cell receptors that
recognize HLA-C ligands on trophoblasts, varies the course of human pregnancy because the genes for both receptors and ligands are extraordinarily
diverse. Several pregnancy disorders are attributed to insufficient trophoblast invasion and the limitation it imposes on human reproduction. Previously, a particular combination of fetal HLA-C and maternal inhibitory
uNK cell receptor was associated with predisposition for preeclampsia. In
this issue of the JCI, Hiby and colleagues extend this correlation to recurrent
miscarriage and fetal growth restriction, revealing the common mechanism
underlying these common pregnancy syndromes. Equally important, they
show that mothers with an activating receptor of similar specificity to the
inhibitory receptor are less likely to suffer disordered pregnancy.
Although glittering prizes for fundamental
immunology emerged from the study of
lymphocyte responses to genetic polymorphisms within species (1–5), pregnancy is
the only situation in which lymphocytes
naturally confront another person’s tissue.
On embryo implantation and placentation
(6), uterine NK (uNK) cells of the mother
cooperate with extravillous trophoblasts
(EVTs), fetal cells that invade the uterus,
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where they remove and replace the smooth
muscle of maternal spiral arteries. This process converts these small, coiled vessels into
voluminous channels that will nourish the
growing child. A fine line exists between
excessive invasion that damages the mother and inadequate invasion that starves the
child. To achieve this balance, interactions
must occur between a variety of activating
and inhibitory NK cell receptors and their
ligands on EVTs. Common disorders of
pregnancy — recurrent miscarriage, preeclampsia, and fetal growth restriction — are
attributed to inadequate trophoblast invasion (7). Pointing toward the importance of
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interaction between EVTs and uNK cells,
Hiby et al. correlated combinations of fetal
HLA and maternal uNK cell receptors with
risk of preeclampsia (8). Inevitably, their
results, with provocative implications for
female mate choice and human reproduction (9), elicited a range of reactions in the
biomedical community, from enthusiasm
to diffidence to skepticism. In this issue of
the JCI, Hiby et al. answer their critics by
advancing the immunogenetic analysis to
a higher level, extending the epidemiology
to embrace other pregnancy disorders, and
vividly visualizing the interaction of EVT
with uNK cells (10).
Killer immunoglobulin-like receptors
of NK cells that recognize HLA-C
Numerous human diseases, including
ankylosing spondylitis (11), a back-bending type of arthritis, and life-threatening
hypersensitivities to drugs prescribed as
treatment for epilepsy and HIV/AIDS (12),
are correlated with the highly polymorphic HLA-A, -B, and -C genes of the human
major histocompatibility complex. Of their
protein products, only HLA-C is expressed
by EVT and binds to uNK cell receptors.
Although hundreds of HLA-C variants
are distinguished worldwide, in the NK
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Figure 1
The human KIR locus consists of centromeric and telomeric regions that recombine to produce A and B haplotypes with a distinctive gene content. Structures of common haplotypes are shown in the top panel. Gray boxes indicate conserved framework genes; red boxes indicate genes
characteristic of A haplotypes; blue boxes indicate B haplotype–specific genes. The centromeric (Cen) and telomeric (Tel) gene-content motifs
are listed at left. The symbol at the boundary between the centromeric and telomeric regions represents a repetitive sequence, the site for meiotic
recombination that has shuffled the centromeric and telomeric motifs. The bottom panel illustrates HLA-C–specific KIRs and their specificities for
the C1 and C2 epitopes. Yellow indicates inhibitory receptors KIR2DL2/3 and KIR2DL1; green indicates the activating receptor KIR2DS1.

cell world they are routinely boiled down
to two functional groups, defined by the
presence of asparagine or lysine at position 80 in the protein sequence (13). The
former determines the C1 epitope (also
called HLA-C1), the latter the C2 epitope
(HLA-C2). These epitopes are ligands for
different members of the family of variable
NK cell receptors known as killer immunoglobulin-like receptors (KIRs) (Figure 1
and ref. 14). Each KIR is either an activating or an inhibitory receptor that works
as part of a coordinated team to diversify
the functions of NK cells. Recognizing C2
are inhibitory KIR2DL1 and activating
KIR2DS1. Although C1 is recognized by
inhibitory KIR2DL2 and KIR2DL3, there is
no corresponding activating receptor. It is
puzzling that KIR2DS2 was once that activating receptor, but at some ancient time in
human history it became subject to natural selection that reduced C1 avidity until
it was no longer detectable (15). Like HLA,
the KIR gene family on human chromosome 19 exhibits extraordinary population
diversity, combining haplotypic differences
in KIR gene content with allelic polymor-

phism. As achieved for HLA-C, functional
KIR diversity is reducible to two functionally distinctive haplotype groups, KIR A
and B, distinguished by the presence and
absence of particular subsets of KIR genes
(Figure 1 and ref. 14).
Fetal HLA-C2 combined with
maternal KIR AA predispose
to pregnancy disorders
Six years ago, Hiby et al. reported that
mothers homozygous for KIR A haplotypes (genotype AA) were at greater risk
for preeclampsia than mothers having one
(AB) or two (BB) KIR B haplotypes (8). The
risk further increased for the subset of KIR
AA mothers carrying babies bearing the C2
epitope. The presence of the gene encoding
the inhibitory C2 receptor (KIR2DL1) and
absence of the gene encoding the activating
C2 receptor (KIR2DS1) are characteristic
of A haplotypes (Figure 1). This epidemiological correlation pointed to the interaction between C2 on EVTs and KIR2DL1
on uNK cells as a factor contributing to
preeclampsia. In this issue of the JCI, Hiby
et al. demonstrate that the same genetic
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combination of fetal C2 and maternal KIR
AA also predisposes to recurrent miscarriage and fetal growth restriction (10). Not
only do these results support a common
mechanism that underpins the three most
common pregnancy disorders, but they
also allowed the authors to combine their
three disease cohorts, permitting more
powerful genetic analysis for investigating
the protection afforded by maternal KIR B
haplotype genes.
Activating C2 receptor KIR2DS1
protects against pregnancy disorder
Whereas KIR A haplotypes have fixed gene
content, B haplotypes are variable. Characteristic B haplotype genes can be present
in the centromeric region of the KIR locus,
the telomeric region, or both (Figure 1).
By comparing the pregnancies of mothers
whose B haplotype genes are only centromerically or telomerically located, Hiby
et al. found that the bulk of protection
tracked with the telomeric genes: KIR3DS1,
KIR2DL5, KIR2DS3/5, and KIR2DS1 (10).
Although genetic analysis cannot distinguish between them, because of very strong
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linkage disequilibrium, functional studies
argue for KIR2DS1 as the protective gene.
KIR2DS1 is a well-defined C2 receptor,
while KIR3DS1, KIR2DL5, and KIR2DS3/5
remain enigmatic receptors of baffling
ligand specificity. Furthermore, protection
increases when the fetus expresses the C2
ligand for KIR2DS1. Having previously
established that disordered pregnancy is
more likely when the fetus expresses C2
and the mother has only inhibitory C2
receptors, Hiby et al. now demonstrate
in complementary fashion that maternal
activating C2 receptors are protective (10).
How this plays out at the cellular level
remains unknown, but a simple working
model is that dominance of the inhibitory
C2 receptor reduces NK cell stimulation of
EVTs and the depth to which they invade
the uterus, whereas presence of an activating C2 receptor serves as a counterbalance
to increase EVT stimulation and the depth
of uterine invasion. A precedent for such a
mechanism has been established for many
other pairs of activating and inhibitory
immune system receptors (16).
Paternal inheritance of HLA-C2
carries greater risk than
maternal inheritance
The KIR locus is turned on late in NK cell
development, in a stochastic fashion that
produces a diversity of NK cells expressing
different combinations of KIRs. Developmental interactions of the KIRs with HLA
class I determine the strength and specificity with which mature NK cells respond
to the perturbations from self HLA class I
present on infected, malignant, or HLAdisparate fetal cells. This instruction of NK
cells by HLA class I is called education. It
is pertinent here that C2 recognition by
KIR2DL1 (17) and KIR2DS1 (18) educate
immature NK cells to respond to cells
exhibiting unusual expression of the C2
epitope. While most people have KIR2DL1,
only a minority have C2. Regardless of the
presence or absence of C2, KIR2DL1 is
expressed by some mature NK cells. But
in the absence of C2, KIR2DL1 cannot
participate in education and appears to
be nonfunctional. In this context it was
important for Hiby et al. to compare the
influence on pregnancy of maternally and
paternally inherited fetal C2. With maternal inheritance, the mother’s uNK cells
were exposed to C2 during their development and prior to pregnancy, but this was
not so for paternal inheritance (10). After
demonstrating that EVTs express both the

maternally and paternally inherited HLA-C
alleles, the authors analyzed the subset of
pregnancies in which the fetus carried one
copy of C2, comparing the effect of maternal or paternal origin. Disease was more
prevalent when the fetus expressed paternal C2 (10). A less incisive approach, but
one empowered by the full disease cohort,
showed greater disease risk when the fetus
had more copies of C2 than did the mother.
Both analyses point to the dominant effect
of C2 inherited from the father, indicating
that the uNK cell population educated by
a woman’s own C2 is compatible with that
same C2 when subsequently expressed by
EVTs during pregnancy.
Do mother’s NK cells become
educated during pregnancy
to paternally inherited HLA-C?
Preeclampsia has famously been described
as a problem of first pregnancies, but not
subsequent ones (19). Although controversial, such observations raise the intriguing
possibility that KIR AA mothers adapt to
the immunogenetic disadvantage of a fetus
expressing C2. During a first pregnancy, the
nine-month exposure to C2 could permanently modify the developmental program
that educates uNK cells and determines
their receptor repertoire. Alternatively, passage of C2-expressing fetal cells into the
maternal circulation could establish microchimerism that actively educates maternal
NK cells to work with paternal C2. The similarly controversial suggestion that maternal adaptation following a first pregnancy
may only pertain to subsequent pregnancies
with the same father (19) implies that the
C2 epitopes carried by the numerous HLA-C
variants with lysine 80 are not all equivalent, as is evident from their wide-ranging
avidities for KIR2DS1 and KIR2DL1 (15).
Worldwide impact of natural
selection by pregnancy disorders
HLA class I and KIR are diverse gene families that interact functionally but segregate
independently in human populations.
Thus many individuals express KIR, for
which they lack HLA class I ligands, and
vice versa. Nonetheless, at the level of the
population there is compelling evidence for
coevolution of interacting pairs of KIR and
HLA class I (20, 21). As Hiby et al. originally
proposed (8), there is worldwide a striking
inverse correlation between the frequencies of C2 and the KIR A haplotype. This
correlation ranges from populations with
a high frequency of A haplotypes and a low
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frequency of the C2 epitope to those who
have a high frequency of B haplotypes and
a high frequency of C2. This heavy footprint, which acts universally to reduce the
frequency of KIR AA mothers carrying C2
babies, is the smoking gun that indicates
common pregnancy disorders as a major
selective force throughout human history,
as they remain today in the developing
world (22). In the absence of modern medicine, recurrent miscarriage prevents reproduction, fetal growth restriction produces
less competitive offspring, and preeclampsia, with its endpoint of eclampsia, kills
both mother and child. Equally impressive, such selection has neither eliminated
HLA-C2 nor KIR A in any surviving human
population (21). This reflects balancing
selection on both the C1/C2 and KIR AB
dimorphisms, each alternative having significant costs and benefits. The strength
and persistence of the balancing selection reflects the fact that NK cells have
two seemingly different functions, with
their own distinctive needs and competing
demands. Besides their role in the wombs
of women during reproduction, NK cells
are major players for both men and women
in the systemic, innate immune response to
infection. But that is another story.
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Activating mutations in the Ras alleles are found frequently in tumors,
making the proteins they encode highly attractive candidate therapeutic targets. However, Ras proteins have proven difficult to target directly.
Recent approaches have therefore focused on identifying indirect targets to
inhibit Ras-induced oncogenesis. For example, RNAi-based negative selection screens to identify genes that when silenced in concert with activating Ras mutations are incompatible with cellular proliferation, a concept
known as synthetic lethality. In this issue of the JCI, Vicent et al. report on
the identification of Wilms tumor 1 (Wt1) as a Kras synthetic-lethal gene in a
mouse model of lung adenocarcinoma. Silencing of Wt1 in cells expressing
an endogenous allele of activated Kras triggers senescence in vitro and has an
impact on tumor progression in vivo. These findings are of significant interest given previous studies suggesting that the ability of oncogenic Kras to
induce senescence versus proliferation depends on its levels of expression.
Activating mutations in the Ras genes (Kras,
Hras, and Nras) are a common occurrence
in a broad spectrum of tumors (1). It is therefore not surprising that extensive efforts have
been made to develop therapies to directly
target oncogenic Ras. However, the Ras proteins have proven to be formidable foes, and
success with direct targeting approaches
has been limited so far. One strategy to circumvent this issue has been to search for
targets that could serve as a potential Achilles’ heel to be exploited to have an impact
on Ras indirectly. This approach is based on
the idea that expression of oncogenic Ras
results in tumor cell alterations so that they
become dependent on one or more pathways
or particular molecular targets, which then
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represent ideal hits to strike the tumor cells
while sparing normal cells (2). The concept
of synthetic lethality perfectly fits this idea.
Synthetic lethality between two genes occurs
when loss of function of one gene results
in cell death only in the presence of genetic
alteration of the other, while mutation of
either gene alone is compatible with viability.
Several genes and pathways have been identified by this approach and, interestingly,
many of these are not oncogenic themselves
but become essential for cells in the tumorigenic state (see below for discussion of specific examples). It is thus clear why a gene
that exhibits a synthetic-lethal interaction
with activated Ras would represent a highvalue target for the development of therapeutics. In this issue of the JCI, Vicent et al.
describe the identification of Wilms tumor 1
(Wt1) as a novel synthetic-lethal gene in a
mouse model of Kras-induced tumorigenesis
in the lung (3).
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Negative selection screens
to identify Ras synthetic-lethal
interactors
In the past, synthetic-lethal interactions
have been largely studied in model organisms such as yeast, Drosophila melanogaster,
and Caenorhabditis elegans. More recently,
thanks to the development of RNAi technology (4–6), it has become feasible to
extend the concept of synthetic lethality to
mammalian cells to identify genes whose
loss of function causes growth arrest or
cell death (negative selection). Furthermore, the employment of systematic highthroughput platforms has allowed for
screening of significant numbers of targets
within a relatively short period of time and
in an unbiased manner. In the case of Ras,
after knocking down one or more specific
targets, it is possible to evaluate the effects
on viability through side-by-side comparison of cells with and without oncogenic
Ras expression. However, the limitations
of these approaches should also be noted.
For example, the response to the inhibition
of any given target will be highly dependent
on multiple factors including cell type and
screen conditions. Furthermore, to achieve
a strong signal-to-background ratio and
to control for off-target effects related to
RNAi approaches, the experimental conditions of the screening require careful optimization (7). Nevertheless, the power of
such approaches has been demonstrated
recently by a number of studies (8–10).
Negative selection screens can be conducted using a well-by-well array or a

