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Chapter 1 | General Introduction

General introduction

The killer-cell immunoglobulin-like receptors (KIR) are type | transmembrane
glycoproteins that are expressed on NK cells and subsets of T cells. The KIR receptors
can be categorized into activating and inhibitory forms that recognize different epitopes
on MHC class | molecules. Through these interactions, the development and functional
activity of NK cells are regulated. The functional capacity of NK cells is first acquired in
a process termed NK cell education, which involves the recognition of self-MHC
molecules by inhibitory KIR. The activity of mature NK cells is then modulated by the
balanced integration of simultaneous activating and inhibitory signals. Cells with
aberrant MHC class | expression, which might occur during infection or tumor
formation, are recognized and subsequently lysed by the NK cells. Non-cytotoxic NK
cells mainly secrete cytokines upon activation, which modulates consecutive immune
responses or regulates vascular remodeling during pregnancy.

The human KIR family comprises 17 members, which vary in their structure,
function, ligand specificity, expression status, and cellular localization. The genes that
encode the receptors are located on chromosome 19 and are arranged in a head-to-
tail manner. Genomic and transcriptomic characterization studies illustrated allelic
polymorphism and gene copy number variation, which is further complicated by
recombination events, differential haplotype configurations and alternative splicing.
The characterization of the KIR gene system contributes to a better understanding of
the abundant disease association studies, which demonstrated the importance of KIR
in health and disease.

The characterization of KIR genes in other primate species indicates a rapid and
species-specific co-evolution with their ligand-encoding MHC class | genes. The KIR
receptors in different primate species share a similar structure and function, but might
genetically vary in their lineage expansion and haplotype configurations. An initial
characterization of the KIR gene cluster has been performed in rhesus macaques, a
species that is commonly used as model in biomedical research to test new vaccines
and drugs to treat human and animal diseases. In line with the extensively expanded
MHC-A and-B genes in macaques, the macaque KIR genes illustrate extensive diversity.
Taking into consideration the many health and disease associations with KIR (and their
MHC ligands) in humans, and the relevance of macaques as preclinical model, this
manuscript is focused on understanding the KIR gene system in different macaque
species.

Primate taxonomy

The definition of species, or taxonomy, is the complex study to distinguish groups of
organisms, and affects the fields of genetics, population biology, ecology, and ethology
[1]. At present, over 300 primate species (Primata) are recognized, which share
anatomic, functional, and behavioral features that reflect common ancestry, and are
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General Introduction

generally divided into wet- and dry-nosed primates (Figure 1). The latter suborder
includes the tarsier, monkey, and ape clades, which are further distinguished by two
parvorders that separates the New World monkeys from the Old World monkeys, apes
and humans. The Old World monkey superfamily (Cercopithecoidea), including the
macaques, share a common ancestor with the humans and apes (Hominoidea)
approximately 25-33 million years ago. The macaque genera (Macaca) comprise over
20 species, which evolutionary diverged in the past 1-3 million years (Figure 1). Even
more, populations within macaque species, such as the Indian, Burmese and Chinese
rhesus macaques, and the insular cynomolgus macaques, emerged by natural barriers
and drove intra-species evolution.

Platyrrhini (new world monkeys)

Cercopithecidae (old world monkeys)

Hominoidea

Hominidae

et il Y.

Mouse Macaque Gibbon Orangutan  Gorilla ~ Chimpanzee ~ Bonobo Human
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Figure 1. Evolutionary relationships and taxonomy of primates. The pedigree illustrates the estimated
genetic distance to a common ancestor with humans for the different non-human primate species. Mouse has
been added to display the divergence of primates from other mammals. On top, the orders and families are
defined for the different primate species.
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Chapter 1 | General Introduction

The bridge between innate and adaptive immunity

During the evolution of species, a protective immune system was acquired that
fights potentially lethal pathogens. The adaptive arm of this defense mechanism is able
to specifically recognize and eliminate viruses, bacteria, fungi, and parasites, and owns
a memory function to launch a more rapid response upon recurrent infection. These
adaptive responses are mainly mediated by B- and T-lymphocytes that rely on a highly
diverse repertoire of receptors, which are generated by somatic chromosomal
rearrangements [2]. The B-lymphocytes mainly harbor a humoral function, by secreting
antibodies and cytokines, whereas different subsets of T-lymphocytes perform
regulatory and cytotoxic tasks. The evolutionary older innate arm of the immune
system plays a crucial role in the initiation and activation of the adaptive immune
response, and also participates in the killing and removal of pathogens by a-specific
priming through interactions of generic receptors. The effectors of the innate immunity
are a diverse group of lymphoid cells, which are grouped based on their cytokine
production profiles and cytotoxicity [3].

Among the innate lymphoid cells are the Natural Killer (NK) cells, which were
discovered in mice and were initially described for their capability to eliminate cancer
cells [4-6]. This cytotoxic role is analogous to that of the CD8* T-lymphocyte subset,
although the response in NK cells is more rapid and in absence of antigen-specific
priming. The lysis of target cells by activated NK cells is mediated by the engagement
of death receptors, such as Fas/CD95, or by the release of small granules, which result
in the secretion of perforins and granzymes. In addition to the killing of tumor and
pathogen-infected cells, NK cells have immunoregulatory functions. Upon activation,
they facilitate the fast production and secretion of numerous cytokines and chemokines,
such as interferon (IFN)-y, and thereby modulate both the innate and adaptive immune
responses [7-9]. The NK cell response can be enhanced in the presence of different
cytokines, like IL-12, IL-15, and IL-18, which are secreted by other innate immune cells.
Recently, expansion of long-lasting subsets of NK cells are described in response to
infectious pathogens, such as the mouse and human cytomegalovirus, which indicate
memory-like characteristics for NK cells [10, 11]. These regulatory and adaptive
features, although initiated by a-specific pathogen priming, contribute to adaptive
immune responses, and suggests NK cells to bridge the innate and adaptive immune
system.

NK cell development and subset differentiation

In additional to shared functional features, both the NK cells and the B- and
T-lymphocytes primarily originate from the common lymphoid progenitor (CLP) in the
bone marrow (Figure 2). Whereas T-lymphocytes migrate and continue to develop in
the thymus, the NK cells expand through the lineage-restricted NK cell progenitor
(NKP), from which further differentiation is dependent on CD127 expression. Influenced
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Tissue-
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CD16*
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Figure 2. Development pathway of lymphocytes and NK cell subsets. Activation of hematopoietic stem cells
(HSC) leads to the development of lymphoid-primed multipotent precursors (LMPP), which then differentiate
into common lymphoid progenitor (CLP) cells in the bone marrow. Subsequent commitment that depends on
CD127 expression generates either B- and T-cell populations and ILCs through different development stages,
or a NK precursor stage (NKP). Eventually, these NKPs then differentiate into subsets of NK cells.

Table I. Four human NK cell subsets that are distinguished by specifc markers.

Subset Markers Main function

Highly cytotoxic NK cells, death

CD569mCD16+ CD56%-, CD16%, KIR*, CD117-, CD127 -
receptors and cytolytic granules

Regulatory NK cells, secrete cytokines

CD56b8MCD167/*  CD56*, CD167, KIR-, CD117+, CD127+- )
and chemokines

Tissue-resident
CD56bright

Still elusive, but might shape the local

CD56*, KIRw, CXCR6*, CCR5*, CD49a*/-, CD69* ) .
microenvoriment

Memory-like expansion of cytotoxic

Adaptive NK cells  CD56*-, KIR*, CD2*, CD57*, NKG2C*
NK cells
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Chapter 1 | General Introduction

by multiple transcription factors, such as GATA3, the CD127* NKPs differentiate into
diverse ILC populations, whereas the CD127- NKPs develop through different stages to
the mature peripheral blood NK cells and NK cell subsets in tissues (Figure 2). The NK
cells form a heterogenous cell population that represent 10-15% of the circulating
lymphoid cells. Based on surface phenotype and cytokine profiles, NK cell subsets are
defined, which - according to the prevailing linear model - represent distinct
development stages. The most widely used phenotypic markers are CD3°CD56* and
CD3°CD16" expression, which together define two of the four major subsets in humans:
CD569™CD16* and CD56°%®"CD167* (Table 1). The CD569™CD16* subset, which
represents 90% of the circulating NK cells, exerts higher natural cytotoxicity and
expresses increased levels of Ig-like receptors compared to the CD56°8"CD167* subset.
Although circulating CD56°%®"CD167* NK cells can mediate cytotoxicity, the main
function is the production and secretion of cytokines, such as IFN-y, TNF-a, and IL-10
[12, 13]. The linear development model states that the CD56°€"CD167* NK cells are
precursors of the terminally differentiated CD564™CD16* subset [14-18]. Although this
naturally cytotoxic subset predominates in blood, the majority of NK cells in the body
are represented by the CD56®"CD16" cells that reside and differentiate in second
lymphoid organs, such as the thymus, lymph nodes, liver, and uterus, but also in
inflamed and tumor tissues [19-24]. This tissue-resident CD56°%" NK cell subset
mediates specialized and tissue-specific functions, and can be distinguished from
circulating NK cells by the expression of CD69, chemokine receptors (CXCR6 and CCR5),
and adhesion molecules (CD49a) [25-28]. A fourth major NK cell subset can be
distinguished subsequent to pathogenic encounters, such as cytomegalovirus (CMV)
infection [29, 30], and comprise NK cells with memory-like or adaptive features,
including robust responses upon recurrent infection and clonal expansion. These
adaptive CD569mMCD16* NK cells express multiple activating receptors and contain
elevated levels of perforin and granzymes, which indicates high cytolytic capacity. The
adaptive NK cells, which are thought to reside in the liver, poorly respond to activated
immune cells and several activating cytokines, such as IL-12. Epigenetic modifications
might explain the altered functional profile of this NK cell subset [31].

The broad spectrum of NK cell subsets in humans is currently thought to arise from
different development stages, which hypothesize linear differentiation from a common
progenitor. However, in vitro studies demonstrated NK cell differentiation from
common myeloid progenitors (CMP) in the presence of NK cell-supporting cytokines,
and, although artificial culture systems are used, it does speculate a branched
development [32, 33]. This is further supported by macaque studies, in which the
CD56" and CD56™ NK cell subsets were acquired from different lineage progenitors
[34, 35]. Although there is still debate on the contrasting development models, the
extensive subset diversity is well illustrated and hint for a broad phenotypic and
functional spectrum of NK cells.
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General Introduction

NK cell education and ‘missing-self’ activation

To recognize pathogenic or infected cells and to maintain self-tolerance, NK cells are
educated through a process of receptor engagements. These ‘educative’ interactions
involve a variety of inhibitory surface receptors on the NK cells and major
histocompatibility complex (MHC) class | molecules, also known in humans as human
leukocyte antigens (HLA), which are ubiquitously expressed by nucleated cells and
present cytosolic peptides. In a fluid and ongoing process, NK cells that express at least
one inhibitory receptor that recognizes a host MHC class | molecule acquire effector
functions; only these NK cells are licensed to kill [36-38]. The importance of NK cell
education is demonstrated in B2m” mice, which lack expression of MHC class |
molecules. The NK cells from these mice showed significantly decreased killing of MHC
class | deficient target cells and abrogated cytokine production compared to NK cells
from wild type mice [39, 40]. Similarly, decreased effector functions were described for
NK cells that lack MHC-specific inhibitory receptors [41]. In addition, the number of
inhibitory receptors that recognize host MHC molecules positively correlates with the
NK cell responsiveness [41, 42].

During viral infection and tumor formation, stressed cells are recognized through
the presentation of pathogenic antigens by MHC class | molecules, which primes
cytotoxic T-lymphocytes. This defense mechanism can be evaded by the chronic
downregulation of MHC molecules from the surface of aberrant cells, which is a
common evolutionary adaption for viruses and tumors [43-45]. Educated NK cells,
however, detect the absence of their deterrents, and become activated to lyse the
target cell. This process of NK cell activation, which has been proposed in 1981, is
termed the ‘missing-self’ hypothesis and is thought to be the main mechanism of NK
cell activation (Figure 3) [46].

The pool of NK cells in an individual is highly diverse, which is not only reflected by
different subsets, but also on single-cell level. NK cells show a variegated expression of
different activating and inhibitory receptors, which are encoded by genes that
segregate independently from the MHC-encoding genes. As a result, a significant NK
cell population is unable to interact with self-MHC molecules, and, therefore, do not
acquire effector functions and remain unlicensed. These uneducated cells persist in
the circulation, but are hyporesponsive.

Two models were initially proposed for the differential responsiveness states of NK
cells. On one hand, the ‘arming’” model states that the interaction of inhibitory
receptors with self-MHC molecules is required for functional maturation. On the other
hand, the ‘disarming” model suggests that all NK cells are initially responsive, but
continuous activating engagements, in the absence of inhibitory interactions with the
host MHC molecules, desensitize the NK cells and result in hyporesponsiveness. A third
and more supported model is the Rheostat model that describes the education
procedure as a continuous process, in which the NK cell responsiveness is dependent
on the quantity of environmental factors, such as the presence of absence of cytokines
and MHC class | ligands. This last model would explain the persistence of unlicensed
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Figure 3. A schematic representation of the missing-self hypothesis. A balance of activating and inhibitory
signals maintain tolerance in the upper panel through interactions of regulatory receptors expressed by NK
cells and their ligands, including MHC class I. Upon infection or tumor cell formation, target cells might
downregulate their MHC class | expression and the total balance of signals the NK cell receives might shift
towards a more activating potential. This triggers NK cell activation and lysis of the target cell.

cells, which are thought to have effector function under specific conditions, such
as viral infection and tumor formation [47, 48], and can be ‘re-educated’ upon
environmental changes [37, 49].

NK cell receptors

A broad spectrum of activating and inhibitory receptors is expressed on the surface
of the NK cell and cooperate with each other to regulate the cytotoxicity. The
transmembrane and cytoplasmic domains determine the signaling potential of these
receptors. In general, inhibitory receptors contain one or multiple immunoreceptor
tyrosine-based inhibitory motifs (ITIM) in their cytoplasmic tail, whereas activating
receptors possess a positively charged residue in their transmembrane region that can
interact adaptor molecules, such as DAP10, DAP12, and FcR-y. These adaptors contain
immunoreceptor tyrosine-based activation motifs (ITAM), which transduce activating
signals.
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The majority of activating and inhibitory receptors belong to three receptor families
that contribute to NK cell regulation. The Natural Cytotoxicity Receptor (NCR) family
comprise only activating receptors, namely NKp46, NKp44, and NKp30, and are known
tointeract with severalnon-MHCmolecules, such as heparansulfate glycosaminoglycans
[50]. NKp46 and NKp30 are constitutively expressed on NK cells, but are also identified
on subsets of ILCs and T cells. Another family involved in NK cell regulation is the
calcium-dependent lectin-like receptor family that includes CD94-NKG2-A/C/E/F/H
heterodimers and NKG2D homodimers, which are inhibitory and activating receptors,
respectively. These inhibitory receptors interact with several non-classical MHC
molecules, whereas multiple other ligands are documented for NKG2D, including the
major histocompatibility complex class | chain-related molecules (MIC-A/B) [51, 52].
The third receptor family comprise the killer cell immunoglobulin-like receptors (KIR),
which form a highly diverse and expanded group of inhibitory and activating receptors
expressed on NK cells and subsets of T cells.

KIR discovery, structure and nomenclature

After the ‘missing-self’ hypothesis was proposed in 1981, researchers started to
work on the question how cells with an aberrant MHC expression were recognized and
killed by the NK cells. Transfection studies demonstrated that the loss of HLA-A,-B, and
-C expression resulted in susceptibility to NK cell-mediated lysis [53, 54]. This
susceptibility was reversed by the transfection of certain HLA class | genes, indicating a
molecularinteraction of HLA molecules with proteins present on NK cells. Subsequently,
multiple immunoglobulin-superfamily receptors were cloned to demonstrate putative
interactions, including the receptors now known as KIR [55-57]. However, before
standard nomenclature was introduced in 1996 [58], many different names were given
to these receptors, including p50, p58 and p70, which referred to their molecular
weight determined by immunoprecipitation, and the NK-associated transcripts (NKat).
Even more, the acronym KIR first referred to killer inhibitor receptors, and was later
changed to killer cell immunoglobulin-like receptors when the activating family
members were discovered [59, 60].

The KIR family comprises receptors that consist of up to three extracellular domains,
followed by a stem region, a transmembrane region, and a cytoplasmic tail (Figure 4).
The nomenclature of the KIR receptors helps to distinguish differential structures. The
first digit following the KIR abbreviation indicates the number of extracellular domains
(denoted as ‘D’). In humans, KIR2D and KIR3D structures are reported, whereas in
several Old World monkeys KIR1D structures are documented as well. The length of
the cytoplasmic can either be long or short, denoted with an ‘L’ or ‘S, and characterizes
inhibitory or activating KIR, respectively, whereas a ‘P’ denotes a pseudogene. A
sequential two-digit numbering distinguish the different KIR genes. Non-synonymous
KIR alleles are distinguished by three-digit numbers that are separated from the gene
digits by an asterisk, whereas synonymous polymorphisms in the coding sequence of a
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3DL 3DS 2DL 2DS 2DL4 1D

Figure 4. A schematic overview of the KIR receptor structure and nomenclature. KIR receptors display
differential structures, with 2 or 3 extracellular domains, to which is referred to with KIR2D or KIR3D in
nomenclature, respectively. In some primate species, receptors with a single extracellular domain are
documented (KIR1D). A long (L) cytoplasmic tail can contain two immunoreceptor tyrosine-based inhibitory
motifs (ITIM) and represent inhibitory receptors (e.g. KIR3DL). Short (S) cytoplasmic tails have a positive
residue present in their transmembrane region (e.g. KIR3DS), which can interact with adaptor molecules, such
as DAP12, that contain immunoreceptor tyrosine-based activation motifs (ITAM). An exception is KIR2DL4,
which has both activating and inhibitory signaling potential.

KIR gene are distinguished by a second set of two digits (e.g., KIR3DL1*001:02).
Optional suffixes can be provided to denote the expression and recombination status
of a receptor [61, 62]. These nomenclature guidelines apply to the KIR gene system in
all primates, with a few species-specific exceptions.

The genetic cluster

The genes encoding the human KIR receptors are located on chromosome 19¢13.4
within the leukocyte receptor complex (LRC) and span a 100-200 kb region. The length
of a single KIR gene is approximately 10-14 kb and the different genes are separated by
intergenic regions of about 2-3 kb. The receptor is encoded by up to 9 exons, of which
the first 2 encode the leader peptide, and exons 3-5 encode the extracellular domains
(DO, D1 and D2). The stem region is encoded by exon 6, whereas exons 7-9 encode the
transmembrane region and the cytoplasmic tail.

In addition to the KIR cluster, the LRC harbors more genes belonging to the
immunoglobulin-like superfamily. For example, at the centromeric side the KIR gene
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cluster is flanked by genes that encode the leukocyte immunoglobulin-like receptor
(LILR) family, which are predominantly expressed in different lymphoid and myeloid
cell types. The LILR family seems to be involved in the regulation of a diverse set of
immune cells through interactions with MHC and non-MHC ligands [63]. Other
structurally related members located in the LRC are the leukocyte-associated
immunoglobulin-like receptors (LAIR), the sialic acid-binding immunoglobulin-type
lectins (SIGLEC), the NCR1 (also referred to as NKp46), and the Fc-a receptor (FCAR),
the latter of which is flanking the KIR genes at the telomeric side [64, 65]. In the
extended LRC region, genes are identified that encode the ITAM-containing adapter
molecules, which interact with activating immunoglobulin-like receptors, such as
DAP10 and DAP12.

The KIR gene region is subjected to expansion and contraction, which results in a
variable number of genes present within the cluster. The KIR genes display a high
degree of similarity and are tandemly arranged in a head-to-tail manner. In primates,
however, one conserved KIR gene is located outside the KIR cluster, namely KIR3DX1,
which is identified within the LILR region. Phylogenetic analysis illustrates that KIR3DX1
belongs to a different ancient lineage then the other KIR genes, and share a common
progenitor 135.5 + 10.5 million years ago [66]. Since then, the KIR3DL/S genes
expanded and diverged by recombination, deletion and inclusion events, whereas the
KIR3DX1 remained a conserved pseudogene. In contrast, the KIR3DX lineage is
expanded in cattle [66, 67]. The expansion of the KIR3DL/S genes resulted in four
defined phylogenetic lineages that distinguish the receptors in their structure and
MHC class | specificity. This lineage diversification probably predates the primate
speciation, indicating that the KIR genes in different primate species represent the
same lineages. However, after speciation, the KIR genes have diverged, which resulted
in separately clustered and species-specific genes.

The human KIR repertoire and haplotypes

In humans, 17 KIR genes are documented, of which two are identified as
pseudogenes, namely KIR2DP1 and KIR3DP1. The expressed KIR genes are divided into
four different lineages; lineage | includes KIR2DL4 and KIR2DL5(A/B), linage Il includes
KIR3DL1, KIR3DL2 and KIR3DS1, lineage Il includes KIR2DL1, KIR2DL2, KIR2DL3,
KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, and the pseudogenes, and lineage V
includes KIR3DL3.

Both lineages | and Ill include receptors with two extracellular domains, but these
are differently encoded. The main difference is within the extracellular domains:
KIR2DL4 and KIR2DL5 (lineage 1) contain the DO and D2 domains, whereas the lineage
Il KIR genes express the DO and D1 domains [68]. The KIR2DL4 further differs from the
remaining receptors, as the long cytoplasmic tail only contains a single ITIM, in contrast
to two ITIMs in the tail of all other inhibitory KIR. In addition, KIR2DL4 possess a
positively charged residue in the transmembrane region, like in all activating KIR, which
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can interact with ITAM-containing adaptor molecules. This provides KIR2DL4 with both
inhibitory and activating signaling potentials [68-70].

Another atypical receptor is KIR3DL3, which is likely to encode an inhibitory receptor
with 3 Ig-like domains, but lack the stem region (exon 6) and contain only a single ITIM
in the cytoplasmic tail [71]. This protein is only expressed at low levels, but can be
upregulated by treatment with methyltransferase inhibitors, which indicates that the
promotor activity is regulated by methylation [72, 73]. Arecent study also demonstrated
regulation of KIR3DL3 expression levels via different miRNAs [74]. The receptor seems
to have emerged from an ancient recombination event, as the domain-encoding exons
cluster into lineage V, whereas the cytoplasmic tail is more similar to that observed in
lineage llI KIR. This structure is conserved in primates, including the Old World monkeys.
In addition, KIR3DL3 is identified in all individuals from different geographically and
ancestrally human populations that were studied for their KIR repertoire [75], which
indicates an essential function for this receptor. The function and ligands of KIR3DL3
are, however, not discovered yet.

The human KIR haplotypes can be categorized into two groups, termed A and B
haplotypes. Four framework genes form the basis of most haplotype configurations
and include KIR3DL3, KIR3DL2, KIR3DP1, and KIR2DL4. A recombination hotspot in the
center of the haplotype distinguishes a centromeric and telomeric region. In humans,
the KIR genes expanded in both of these haplotype regions. The two haplotype groups
have different KIR gene content: group A haplotypes contain a fixed set of 7 KIR genes,
of which only a single gene encodes an activating receptor (KIR2DS4), whereas group
B haplotypes contain a variable number of genes, including multiple activating
receptors. Haplotype configurations that contain both group A and B haplotype content
can result from chromosomal recombination events. The two standard A and B
configurations are documented in all populations, but with different relative frequencies
that correlate with the frequencies of the KIR ligands [76].

KIR ligands

As mentioned, interactions of NK cell receptors with proteins on target cells are
involved in NK cell education, pathogen recognition and subsequent immune response
initiation. The KIR receptors play a central role in these processes, as the individual KIR
receptors recognize distinct MHC/HLA allotypes. In humans, the HLA genes are located
on chromosome 6 and are classified as class |, Il, and Ill. The HLA class Il genes encode
molecules that are present on specialized immune cells, such as dendritic cells and
present extracellular proteins. The structure and function of HLA class Ill molecules are
less defined, but involve cell signaling. The HLA class | molecules, which include ligands
for KIR, are encoded by six genes: HLA-A, -B, -C, -E, -F, and -G. The first three genes
(classical) are expressed on almost all nucleated cells and are characterized by extensive
polymorphism, whereas the latter three genes (non-classical) show more restricted
expression and encode conserved receptors. Some of the non-classical HLA molecules
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are described as ligand for KIR. For example, KIR2DL4 expressed in endosomes of
uterine NK cells might interact with soluble HLA-G [77], whereas open conformers of
HLA-F are suggested to interact with KIR3DS1 [78].

However, most ligands of KIR belong to the classical HLA class | molecules (Table I1)
[57, 77-92]. The KIR receptors interact with specific epitopes that are present on
HLA-A,-B and-C molecules, which are termed A3/A11, Bw4, C1, and C2. The A3 and
A1l epitopes are identified on approximately 45% of the HLA-A molecules, whereas
about 36% of the HLA-B molecules, and a few HLA-A alleles, contain a Bw4 epitope
[93]. The majority of the HLA-A and-B molecules do not function as ligand for KIR, but
rather evolve under the pressure of the T-cell response. In contrast, all HLA-C molecules
facilitate interactions with human KIR as they possess either an C1 or an C2 epitope.
HLA-C is the most recently evolved HLA gene and probably resulted from a duplication
of an HLA-B-like entity that encoded an C1 epitope [94]. A general overview of the HLA
and KIR interactions are provided in table Il

Table Il. Ligand specificity of human KIR for different HLA molecules. The open conformer status of HLA-F is
abbriviated as OC.

Lineage KIR Signal HLA ligand Epitope Reference
KIR2DL4 Inhibitory/Activating  HLA-G - [77]
Lineage |  KIR2DL5A Inhibitory Unknown - [88]
KIR2DLSB  Inhibitory Unknown - [88]
KIR2DLL  Inhibitory HLA-C (some HLA-B)  C2 [85-87, 92]
KIR2DL2  Inhibitory HLA-C (some HLA-B)  C1 [83-85, 87]
KIR2DL3 Inhibitory HLA-C (some HLA-B) C1 [83-85, 87]
KIR2DS1  Activating HLA-C Cc2 [85, 92]
KIR2DS2  Activating HLA-A and-C Peptide-dependent [82]
Lineage lll
KIR2DS3  Activating Unknown - [84]
KIR2DS4  Activating HLA-A (some HLA-C) A1l [79, 81]
KIR2DS5  Activating Unknown - (80, 84]
KIR2DP1  Pseudogene - - [89]
KIR3DP1  Pseudogene - - [90]
KIR3DL1 Inhibitory HLA-A and-B Bw4 [57]
lineage ll  KIR3DL2  Inhibitory HLA-A ggé’;ﬁ_dependem [91]
KIR3DS1 Inhibitory HLA-B and-F HLA-F: OC [78]
Lineage V. KIR3DL3 Inhibitory Unknown - [73]

23




Chapter 1 | General Introduction

The specificity and avidity of the KIR-HLA interactions can, however, vary for
different alleles, and might also be dependent on the peptide bound by the HLA
molecule. For example, KIR2DL1 molecules are generally able to interact with HLA-C2
epitopes, but the KIR2DL1*022 allele switched its specificity to the C1 epitope [95]. In
addition, different KIR2DL1 alleles are reported to interact with variable avidity to C2
epitopes. The importance of HLA-bound peptides is demonstrated by differential
specificity and avidity of the interactions with KIR, and provide a mechanism to
recognize changes in the peptide content, which may occur during viral infection or
tumor formation [96, 97].

For several KIR receptors the ligand is not identified. They might utilize specialized
interactions under specific conditions, like infection and tumor formation, or during
development. Also, non-MHC molecules might interact with KIR, like is demonstrated
for heparan sulfate and KIR2DL4 [98]. This interaction directly modules the cellular
localization of KIR2DL4 and might also affect its function.

KIR in disease and pregnancy

Given the independent segregation of the highly polymorphic KIR and HLA gene
families, and their important role in modulating the innate and adaptive immune
responses, the diversity of KIR-HLA interactions might influence the health and disease
of an individual. However, the extensive diversity of KIR-HLA interactions and the
incomplete knowledge of the KIR ligands make the interpretation of disease association
studies difficult. Nevertheless, abundant genomic studies have provided insights in the
role of KIR in disease.

Associations with a variety of infectious diseases are reported [99-101], of which
most infection studies involved the effect of KIR genetics on the progression of HIV.
These studies mainly determined the control of HIV infection in the presence or absence
of specific KIR genes, with special interest for KIR3DL1 and KIR3DS1. For example,
interactions of certain KIR3DL1 and HLA-B allotypes seem to protect from HIV
progression [102], and the presence of both KIR3DL1 and KIR3DS1 further suppress the
viral load [103]. Even more, the presence of KIR2DL2, KIR2DL5, KIR2DS5, and KIR2DS2 in
the maternal KIR repertoire is associated with a decreased HIV transmission to the child
[103]. An meta-analysis of 13 cohort studies, however, demonstrated that only the
presence of KIR2DL3 and KIR3DS1 (homozygous) in the Caucasian subpopulation was
associated with protection against HIV progression [104].

The role of KIR in different forms of cancer is extensively studied [105-109]. For
example, an increased frequency of KIR2DL2 and KIR2DS2, both linked to KIR haplotype
B, was reported in patients with leukemia. Therefore, it was suggested that the
inhibitory KIR profile of haplotype A was protective against leukemia [110]. In a
different cohort of leukemia patients it was shown that the presence of KIR2DL2 was
not significantly higher in patients, but instead KIR2DS2 and KIR2DS4 showed a positive
correlation with disease [111]. In opposition, a model has been proposed that suggests

24



General Introduction

a protective role of KIR2DL2 in leukemia patients [112]. The contradicting results
illustrate the difficulty to associate KIR with different forms of cancer [113]. These
association studies are mainly based on the presence or absence of KIR genes and the
corresponding disease progression, but might miss information on the tumor
phenotype, HLA ligands, KIR haplotype configurations, and KIR alleles, which might
influence the disease status. However, a more tailored approach might provide
opportunities to target the KIR-HLA interactions in certain types of cancer [105].

Other disease association studies involved inflammatory and autoimmune disorders
[114-117], or the effect of KIR in organ and stem cell transplantation [118-122].

During pregnancy, the local immune system is involved in vascular remodeling and
in avoiding the rejection of the foetus, which possesses paternal antigens. Specialized
NK cells that reside in the uterine (uNK cells) might play an important role by secreting
cytokines and chemokines upon binding of KIR with HLA-C molecules, which are
present on trophoblasts. Association studies illustrated an increased risk of pregnancy
disorders for certain maternal inhibitory KIR and fetal HLA-C combinations [123-126].
Also, the absence of activating KIR, like KIR2DS1 and KIR2DS4, might result in poor
trophoblast invasion, placental stress, and growth restriction due to insufficient NK cell
activation and subsequent cytokine release [127, 128]. In contrast, however, the
presence of activating KIR, including KIR2DS1, was also associated with increased risk
of recurrent miscarriage [129, 130]. In addition to the lineage Ill KIR receptors, KIR2DL4
might also play a role in early pregnancy through interactions with soluble HLA-G,
which is predominantly expressed in fetal trophoblast cells [77, 131].

The majority of the association studies are based on the presence or absence of KIR
and HLA genes. The outcome of the studies might be influenced by additional factors,
such as allelic variation, disease phenotype, missed recombinant genes, potential
other ligands, and genetic variation of populations and individuals.

NK cells in animal models

The involvement in essential immunological processes, such as the killing of
aberrant cells, but also the associations with pregnancy, therapies and diseases,
underlines the need for a better understanding of NK cells and their receptors. Studies
in humans are mainly performed on peripheral blood lymphocytes, which represents a
single subset of NK cells. More specialized NK cells that reside in tissues are less
accessible. In addition, controlled disease experiments in humans are challenging and
unethical, and are therefore limited to patient cohort studies. The contradicting results
in the association studies and the restrictions in human studies illustrate the urgency
for models to study NK cells in health and disease.

Studies in murine models elucidated several basic principles of the NK cells, such as
the ‘missing self’ hypothesis and memory-like functions [46, 132]. These findings
demonstrate that mouse models can be a powerful model to study fundamental
processes. However, hardly any outcomes of mouse studies that involved NK cells were
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of medical relevance, which might be explained by the substantial differences in human
and mouse NK cell biology. Significant variance is observed for the cytotoxicity, subsets,
localization, and cytokine production profiles of the NK cells in both species [133]. The
major difference is, however, within the receptors that are expressed. The MHC class |
molecules are recognized by Ly49 molecules in mice, whereas in humans KIR facilitate
these interactions [134, 135]. Although Ly49 and KIR have similar functions (analogs),
their structure, genetics, and MHC binding sites are different and are not comparable.
In addition, the structure and function of the inhibitory NKG2A and activating NKG2D
receptors are highly conserved, but the ligands diverged in humans and mice, indicating
a diverged immune response [136]. Humanized mouse models might improve
immunological studies, although the applicability may be limited for lymphocyte
studies [137, 138]. In overview, mouse models provide insights into the basic principles
of NK cell immunology, but, considering the broad differences, might be less useful in
disease-related studies.

Translational biomedical research with non-human primate species has played an
important role in the advances of the medical, pharmaceutical, and scientific field.
Macaque species share a relatively close common ancestor with humans that lived
approximately 25 million years ago, which explains the similarity to humans in their
physiology, reproduction, development, and immunology. Rhesus and cynomolgus
macaques, two species that diverged from each other 1-3 million years ago, are widely
used as model in infectious and autoimmune diseases, including models for HIV/SIV,
tuberculosis, and zika infection [139-141]. Although differential properties are reported
for several immune cells in primate species [142], the macaque and human NK cells
share abundant characteristics [143]. Three NK cells subsets are defined in macaques,
of which the CD56+*CD16-and CD16+ populations resemble the CD56"" and CD564™
human NK cell subsets, respectively [144]. The third macaque subset is double negative
(CD56CD167) and might be an intermediate NK cell population. In addition, like in
humans, tissue-resident NK cells are described in macaques, although data is limited
[145, 146]. The activity of macaque NK cells is regulated by inhibitory and activating
receptors, including a highly diverse set of KIR receptors that recognizes MHC class |
molecules. These characteristics indicate that macaque species are suitable biomedical
models in studies that involve NK cells.

Co-evolution of the MHC and KIR genes in hominids

The KIR gene region show considerable variation and expansion across different
primate species, as do the genes that encode their MHC class | ligands. Of these
ligands, MHC-C is the most recently evolved member and share orthologs in humans,
chimpanzees, bonobos, and orangutans [147]. In humans, the HLA-C molecules are
fixed and their C1 and C2 epitopes act as dominant ligands for the lineage Ill KIR,
whereas the more ancient HLA-A and-B are only recognized by a few KIR [148]. In
contrast, in orangutans, MHC-C is present on half of the MHC haplotypes and only have
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the C1 epitope [149]. The orangutan KIR show specificity for the C1 epitopes, but not
C2 epitopes. This indicates that MHC-C emerged in a common ancestor of humans and
orangutans, and that HLA-C and KIR further evolved in humans to gain C2 epitopes and
specific KIR ligands. This rapid and species-specific co-evolution is substantiated in
chimpanzees by the presence of KIR receptors specific for both C1 and C2 epitopes
[150].

The rapid evolution of the KIR genes is further illustrated by the presence of only a
few orthologs in hominids. Chimpanzees and humans diverged from a common
ancestor relatively recently, but share only four orthologs, namely KIR2DL4, KIR2DL5,
KIR2DS4, and KIR3DL3 [93]. In orangutans, similar orthologs are identified, with the
exception of KIR2DS4. The majority of the KIR genes are, however, species-specific. In
humans, both the telomeric and centromeric haplotype regions show an expansion of
genes [151], whereas the chimpanzee and orangutan KIR genes are mainly confined to
the centromeric region [93]. Even more, the standard A and B configurations observed
in humans is absent in other primates, which might indicate an evolutionary selective
factor that drive the differentially distributed haplotype groups [76].

A comparable framework is described for the KIR haplotypes in hominids, which
have similar genes flanking the centromeric and telomeric regions. This suggests an
ancestral haplotype that was generated by duplications before speciation [149, 152].
On one side, the centromeric region is flanked by K/IR3DL3 in all hominids, which was
probably generated by a recombination event [153], whereas the other side is marked
by a pseudogene. The sequence of this pseudogene encodes the first 5 exons in all
great apes and is followed by repetitive elements. The recombination events that
resulted in the pseudogene are, however, species-specific, with genes from distinct
lineages involved. This framework pseudogene is therefore not considered as an
ortholog in primate species. The telomeric region is flanked by KIR2DL4 and KIR3DL2/
KIR3DL1. The former gene is largely conserved in primates, with little species-specific
variation. The number of ITIM motifs in the cytoplasmic tail of KIR2DL4 might, however,
vary in different species, with either one or two motifs present [154]. The boundary of
the KIR gene cluster, which is adjacent to the FCAR gene, is marked by a lineage Il KIR
gene in all great apes, although this gene is not conserved.

KIR genes in macaques

Comparative analysis of the KIR gene cluster in different higher primate species
highlighted shared characteristics, although species-specific evolution was evident. At
least in part, the diversification of the KIR gene system can be explained by co-evolution
with the MHC class | ligands. In contrast to higher primates, however, macaques do not
have a homolog of MHC-C, and instead have an expanded repertoire of MHC-A and-B
genes [155-157]. In agreement with the absence of MHC-C, just a single lineage Il KIR
gene is described in macaques, which is transcribed as a receptor with a single
extracellular domain (KIR1D) [158, 159]. Macaque MHC haplotypes can contain up to
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3 MHC-A genes and even more copies of MHC-B, both of which are characterized by
abundant polymorphism. Several rhesus macaque lineage Il KIR are identified to
interact with MHC-A, and a few MHC-B (Table Ill), which is in line with an extensive
expansion reported for this KIR lineage in macaques [160-163]. In total, 22 rhesus
macaque KIR genes were described before this manuscript was published, of which 18
clustered into lineage Il [61, 164, 165]. These lineage Il KIR genes encode receptors
with three extra cellular domains (KIR3DL and KIR3DS). Genomic and transcriptomic
segregation studies defined several rhesus macaque KIR haplotypes that contained 6
to 13 KIR genes, indicating copy number variation [166]. KIR3DL20 was reported on the
majority of the defined haplotypes, suggesting a framework gene status. This gene
probably shares a common progenitor with human KIR3DL3, as the exons that encode
the extracellular domains are similar [153]. The stem region and cytoplasmic tail are,
however, encoded by exons that cluster into a different lineage. The pseudogene that

Table Ill. Rhesus macaque KIR interactions with MHC molecules. This overview represents a generalization,
as the specificity for epitopes seems to be allele specific, which are described in more detailed in the
corresponding literature.

Lineage KIR Signal MHC ligand Epitope Reference
KIR3DLO1 Inhibitory Mamu-B Bw4 [161]
KIR3DLWO3 Inhibitory Mamu-A1l Bw4 [160]
KIR3DLOS Inhibitory Mamu-A1,-A3,-B,-AG Bw4, Bw6  [160, 162, 163]
KIR3DLO6 Inhibitory Mamu-B Bw4 [163]

Lineage Il
KIR3DLO8 Inhibitory Mamu-B Bw4 [163]
KIR3DL11 Inhibitory Mamu-Al - [160]
KIR3DS05 Activating Mamu-A1l (very weak) - [160]
KIR3DSWO08 Activating Mamu-A3 (very weak),-B Bw4 [160, 163]

might be present on the ancestral KIR haplotype is also reported in rhesus macaques,
although its framework status is not confirmed. The documented rhesus macaque
pseudogene (KIRDP) is not orthologous to human KIR3DP1, as the first three exons
associate with different rhesus macaque sequences [149]. On approximately half of
the haplotypes, KIR2DL04 is identified, which represents the only macaque KIR
ortholog that is shared with humans and other hominids [166]. All macaques KIR2DL04
allotypes contain two ITIMs in contrast to the single ITIM observed for human KIR2DL4.
In addition, soluble HLA-G is identified as KIR2DL4 ligand in humans, but in macaques
the gene encoding this non-classical MHC diverged into a pseudogene. However, a
similar gene, Mamu-AG, has been identified that is expressed on trophoblasts and
might facilitate interactions with macaque KIR2DLO4, although binding is not
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demonstrated [167]. A framework gene that marks the other side of the telomeric KIR
haplotype in macaques has not been reported, but is most likely a lineage Il KIR gene.

In 2005, and more recently in 2019, BAC clones that covered complete rhesus
macaque KIR haplotypes were completely sequenced and constructed [159, 168].
These two haplotypes demonstrated that the physical location of KIR3DL20 resembles
the KIR3DL3 locus in humans, substantiating that these genes share a common
progenitor. KIR1D has been identified next to the KIR3DL20. Although all 9 exons are
identified for KIR1D at the genomic level, exons 3 and 5, which contain deletions that
would shift the reading frame, are not incorporated at the transcription level. In
addition, a pseudogene, KIR2DL04, and lineage Il KIR genes are documented on these
relatively short KIR haplotypes. In contrast to humans, chimpanzees, and orangutans,
the macaque KIR genes are expanded in the telomeric region, whereas the centromeric
region may only contain KIR3DL20, KIRID, and a putative pseudogene. Although
informative, these two haplotypes do not provide complete information on the
haplotype configurations in macaques.

Most studies were performed in Indian rhesus macaques, whereas only a few
individuals from the Chinese and Burmese populations are genomically characterized
for their KIR repertoire [166, 169-175]. Less well characterized is the KIR gene repertoire
in cynomolgus macaques. Only the isolated and relatively recently established
Mauritian population is analyzed for their KIR gene content and shows limited variation
due to the small number of founders [176, 177]. Despite that the majority of the
macaque studies involved the characterization of KIR genotypes and haplotypes by
determining the presence or absence of KIR genes, species-specific variation is
documented for both macaque species. A handful of studies involved the transcriptomic
characterization by Sanger sequencing and illustrated extensive allelic polymorphism
and putative recombinant genes.

Evolution of sequencing techniques

Over the years, sequencing techniques have been improved, which enables a higher
throughput for the characterization of complex genetic regions, like the KIR gene
region. Up to now, however, only the conventional sequencing approaches have been
used for the macaque KIR gene cluster, although new techniques are available that
might improve the characterization.

It was in 1953 that Watson and Crick solved the structure of DNA [178], which is
composed of four deoxyribonucleic acids (adenine, cytosine, thymine, guanine). Upon
this discovery, it took over 20 years to develop sufficient techniques that were able to
decode the DNA, which harbors the essential information about our phylogeny,
ancestry, and susceptibility to disease. Early attempts to sequence DNA involved two-
dimensional separation of radioactively labeled DNA fragments and reported 24 bases
of a lactose-repressor binding site, which took two years [179]. In around 1976, the
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development of first-generation sequencing techniques accelerated with approaches
reported by Sanger and Gilbert, which enabled the separation of DNA fragments on a
polyacrylamide gel at a single-base resolution [180, 181]. Especially Sanger’s
sequencing approach was improved over the years by the introduction of enhanced
polymerases and chemicals, and this led to the release of the first fluorescent-based
sequencing machines in 1987, which enabled the sequencing of 1.000 bases per day
[182]. These improvements paved to way for the Human Genome Project (HGP) that
started in 1990 and aimed to sequence the complete human genome. Propelled by a
string of breakthroughs, the efforts of labs around the world, and billions of dollars, the
human genome sequence was completed in 2004 [183]. One year later, second-
generation sequencing instruments became commercially available, such as the 454
(Roche), the Solexa (lllumina), and the lonTorrent (Rothberg), the fast developments of
which enhanced the quality and quantity of sequenced DNA and lowered the costs. To
illustrate, the number of bases that could be sequenced within two days by a second-
generation sequencing approach exceeds the size of the HGP by a factor of 40.
Nowadays, the Illumina platform is the only second-generation technique that is still
widely used and supported. Third-generation sequencing platforms, which enable
real-time and single-molecule (SMRT) sequencing, include Pacific Biosciences (PacBio)
and Oxford Nanopore sequencing. The PacBio platform measures the incorporation of
a single fluorescently labelled nucleotide into a growing DNA chain using a zero-mode
waveguide, and enables relatively high accuracy sequencing of long reads (10-100 kb)
[184, 185]. The Nanopore platform, of which the technique was already hypothesized
in the 1990s [186], pulls complete strains of DNA through a narrow pore. This causes
shifts in ion currents that reveals the sequence of the DNA [187]. The highest read-
lengths that are currently obtained by Nanopore sequencing goes up to 900 kb, but the
relatively low accuracy requires correction by a high coverage. A major advantage of
the Nanopore platform is the portability of the pocket-sized device. The two third-
generation sequencing platforms do not only enable a high sequencing throughput of
large DNA fragments, which allows the sequencing of a complete human genome
within two days at the cost of approximately thousand dollars, but are also capable of
DNA modification sequencing, such as methylation (Table IV) [188-190].

The efforts made in the last half century resulted in the development and
improvement of sequencing approaches, which are still not plateaued in accuracy,
throughput and cost. By combining the golden standard of Sanger sequencing with
both third-generation sequencing platforms, PacBio and Nanopore, complex
immunogenic regions in the macaque genome, such as the KIR gene cluster that
exceeds the complexity of similar regions in humans, can be elucidated.
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Table IV. Comparison of Sanger sequencing and third-generation sequencing platforms. Table is adapted
from [190].

Technique Platform Cost Avg. Output (Gb)  Avg./Max. read length  Run time Error rate

Sanger - S 0.00006 650 bp 0.5-1h 0.1%
RS I $SSS 2 5-15 kb / >60 kb 0.5-6h 10-15%

PacBio Sequel $SS 8-10 5-30 kb / >200 kb 0.5-20h  10-15%
Sequel Il $S 56-70 5-30 kb />200 kb 0.5-30h  10-15%
Flongle S 1 5-35kb />2 Mb 0.5-48h 5-15%
MinION S 15 5-35kb />2 Mb 0.5-48h 5-15%

Nanopore
GridION $S 75 5-35kb />2 Mb 0.5-48h 5-15%
PromethlON  $S$S$ 4-6 Tb 5-35kb />2 Mb 0.5-72h  5-15%

Thesis aim and overview

This manuscript is aimed to provide more insights into the KIR gene system of
macaques. Previous characterization studies already hinted on the complexity of this
system, but these experiments relied on conventional sequencing techniques, such as
Sanger sequencing and Roche/454 pyrosequencing, or on the determination of the
presence or absence of KIR genes at the genomic DNA level. Although these studies
were informative, a comprehensive overview on the macaque KIR gene system is still
lacking. Furthermore, it has been demonstrated that the geographical origin of
macaques that are used as biomedical model influences experimental outcomes,
which is most probably related to immunogenetic differences. An improved
characterization of the macaque KIR genes might refine the selection of animals that
are used for biomedical studies based on genetic knowledge in different macaque
species, populations and individuals. Such an approach has already shown beneficial in
case of the MHC genes [191, 192]. In addition, this manuscript is intended to provide a
comparison of the macaque and human KIR gene clusters, and how these clusters
relate with previous published data on the KIR genes in other primate species. The
immunogenetic comparison might elucidate differential and conserved characteristics
in the KIR gene evolution in different species, which further the understanding on
receptor function, ligands, and evolutionary selective forces. At last, novel methods,
techniques, and sequencing platforms that are described in this manuscript to
characterize the highly complex macaque KIR gene system can be applied for the
characterization of plastic multigenic regions in other species, including humans.

The sequencing of macaque and human KIR genes was mainly performed by Sanger
sequencing, or by the profiling of KIR genes at the genomic DNA level, which are time
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consuming methods or do not provide allele level resolution. Allele level specificity and
functionality is, however, documented for multiple KIR and might be of importance to
interpret disease association studies. Therefore, a method was established that
enabled a high-throughput characterization of both macaque and human KIR gene
transcripts by sequencing on a PacBio platform. Abundant novel KIR alleles and gene
entities were confirmed in these transcriptome datasets. Even more, multiple
recombinant KIR genes were identified that would be missed by most conventional
sequencing techniques. Transcriptomic macaque and human KIR haplotypes were
subsequently defined by segregation studies, which illustrated the plasticity of the
macaqgue KIR gene organization, and confirmed novel and previously reported human
haplotype configurations (Chapter 2).

The divergence of the human and macaque KIR genes is in line with the evolutionary
distance to their common ancestor that lived approximately 25 million years ago.
There is, however, also significant diversity reported in the closely related rhesus and
cynomolgus macaqgue species that diverged only 1-3 million years ago, which indicates
an unparalleled rapid evolution of the macaque KIR gene system. This is further
substantiated by allele and gene level diversity in different geographical macaque
populations, such as the Indian, Chinese, and Burmese rhesus macaques, and the
mainland, insular, and Mauritian cynomolgus macaques (Chapter 3). The KIR gene
characterization of the cynomolgus macaques and the large number of recombinant
KIR genes also stressed the need for a revised macaque KIR nomenclature report [62].

Allelic polymorphism, recombinations, and copy number variations contribute to
the diversity of the KIR genes, but less well defined is the variation that is generated by
alternative splicing. The impact of this posttranscriptional process is evident for the KIR
genes in both macaques and humans, as abundant exon skipping events, alternative
splice sites, and cryptic exons are described. These isoforms might differ in their
expression status, function, cellular localization, and binding properties, and thereby
significantly contribute to the variation of the KIR gene system (Chapter 4).

Whereas human KIR haplotypes mostly follow standard configurations with some
differential recombinations, the knowledge on macaque KIR haplotypes is restricted to
two completely sequenced rhesus macaque haplotypes. Macaque KI/R haplotypes that
were deduced from transcriptome studies have shown variable gene content and a
less strict framework, but the exact configuration remains elusive. The combination of
targeted enrichment using Cas9 nuclease followed by sequencing on an Oxford
Nanopore MiInlON platform, enabled the construction of complete macaque KIR
haplotypes at an allele level resolution. This technique was further validated by the
assembly of human KIR haplotypes. Overall, the targeted enrichment and long-read
sequencing provides a cost- and time-efficient method to characterize complete
haplotypes of complex multigenic regions in different species (Chapter 5).

In conclusion, a comprehensive overview of the macaque KIR gene region is
provided that include a summary and discussion on the extensive diversity that has
been reported in rhesus and cynomolgus macaques. Furthermore, a comparison of
the KIR cluster in other primate species illustrates the differences and similarities that
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have emerged during the rapid evolution of the KIR genes, and shows the relevance for
non-human primate models in translatable biomedical research (Chapter 6).

With the new sequencing techniques available, the genetic organization of the KIR
gene cluster in macaque species is more and more elucidated. These insights pave the
way to examine the role of KIR in different biological processes (Chapter 7). The
expression of KIR on tissue-resident NK cells, for instance, might display more
specialized functions. Even more, a highly regulated alternative splicing machinery
might generate specific KIR isoforms during different processes. As such, the functional
impact of the broad KIR receptor diversity might stretch beyond the current findings
and assumptions.
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Abstract

The killer-cell immunoglobulin-like receptors (KIR) play a central role in the immune
recognition in infection, pregnancy and transplantation through their interactions with
MHC class | molecules. KIR genes display abundant copy number variation as well as
high levels of polymorphism. As a result, it is challenging to characterize this structurally
dynamic region. KIR haplotypes have been analysed in different species using
conventional characterization methods, such as Sanger sequencing and Roche/454
pyrosequencing. However, these methods are time-consuming and often failed to
define complete haplotypes, or do not reach allele-level resolution. In addition, most
analyses were performed on genomic DNA, and thus were lacking substantial
information about transcription and its corresponding modifications. In this
communication, we present a Single-Molecule, Real-Time (SMRT) sequencing
approach, using Pacific Bioscience’s (PacBio) Sequel platform to characterize the KIR
transcriptomes in human and rhesus macaque (Macaca mulatta) families. This high-
resolution approach allowed the identification of novel Mamu-KIR alleles, the extension
of reported allele sequences, and the determination of human and macaque KIR
haplotypes. In addition, multiple recombinant KIR genes were discovered, all located
on contracted haplotypes, which were likely the result of chromosomal rearrangements.
The relatively high number of contracted haplotypes discovered might be indicative of
selection on small KIR repertoires and/or novel fusion gene products. This next-
generation method provides an improved high-resolution characterization of the KIR
cluster in humans and macaques, which eventually may aid in a better understanding
and interpretation of KIR allele associated diseases, as well as the immune response in
transplantation and reproduction.

Introduction

Killer-cell Immunoglobulin-like Receptors (KIR) are expressed on natural killer (NK)
cells and subsets of T cells (1, 2), and play a key role in immune recognition through
interactions with the highly polymorphic major histocompatibility complex (MHC) class
| molecules (3, 4). For example, KIR may play an important role in the detection of
aberrant MHC class | expression on tumor and virally infected cells, and their
subsequent elimination (5, 6). KIR are type | transmembrane glycoproteins that consist
of two or three extracellular Ig-like domains (2D or 3D) as well as a stem, transmembrane
region and cytoplasmic tail. The length of the cytoplasmic tail can be either long (L),
including two ITIM motifs, or short (S), and characterizes inhibitory or activating KIR,
respectively. KIR with one extracellular Ig-like domain and a truncated cytoplasmic tail
(KIR1D) are observed in some non-human primate species, and seem to have no
counterpart in humans (7, 8). The nomenclature of the KIR genes is based on the
functional (L, S) and structural characteristics (2D or 3D), and takes into account allelic
variation as well (9).
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In humans, the KIR gene cluster is located within the leukocyte receptor complex
(LRC) on chromosome 19q13.4, and displays copy number variation (CNV) at the
population level, as reflected by a variable number of tandemly arranged KIR genes
(10, 11). A KIR haplotype contains seven to twelve expressed genes, three of which are
considered framework genes: KIR3DL3, KIR3DL2, and KIR2DL4 (12). A fourth framework
gene is KIR3DP1, which is a pseudo-gene. Based on the genetic make up, the human
KIR haplotypes can be categorized into two groups (13). Group A haplotypes are
characterized by seven KIR genes, including the framework genes and only the
activating KIR2DS4 structure, whereas group B haplotypes can contain up to twelve
genes including the framework genes and multiple activating receptors. The KIR genes
can be further divided into phylogenetic lineages (1, 11, Ill and V), each characterized by
structure and MHC class | specificity; lineage | includes KIR2DL4 and KIR2DL5, lineage
Il includes KIR3DL1/S1 and KIR3DL2, lineage Il includes KIR2DS1/2, KIR2DL1/2/3,
KIR2DS3/5, KIR2DS4 and the pseudo-genes, and lineage V includes KIR3DL3.

In addition to the CNV, allelic polymorphism is another important feature of the KIR
gene system. In humans, the greatest expansion is observed for KIR lineage Il genes in
both the telomeric and centromeric region of the haplotype. A total of fifteen human
KIR genes and two pseudo-genes have been characterized, and up to 907 unique full-
length KIR alleles have been catalogued (14).

As various KIR may bind specific but differential structures on MHC class | molecules,
the KIR repertoire influences, in part, the variability of the immune response. Since
both the MHC and KIR gene systems display substantial levels of polymorphism and
segregate as independent entities located on different chromosomes, the potential
repertoire of MHC-KIR interactions may vary considerably, even among related
individuals within a family. The presence or absence of certain KIR alleles and MHC-KIR
interactions are associated with disease susceptibility and its progress, but may also
play a role in transplantation and reproductive biology (5, 6, 15, 16).

In recent years, our understanding of the biology and evolution of the KIR gene
system has greatly expanded, although some key questions remain to be answered.
Suitable animal models to study KIR-related diseases are more or less confined to non-
human primate species, since rodent species have another system executing similar
tasks that arose as result of convergent evolution (17, 18). Macaques, for example,
share a close evolutionary relationship with humans, which is evidenced by similar
pathology and immune responses in models for infectious and autoimmune diseases
(19-21). Initial genomic characterization of the KIR gene repertoire in rhesus macaques
(Macaca mulatta, Mamu) highlighted substantial similarities along with some
differences as compared to humans (8, 22-24). For example, the macaque KIR gene
cluster shows an extreme expansion of lineage Il KIR genes, mainly in the telomeric
part of the haplotype, which might be associated with the multiplicity of the KIR-
interacting MHC-A and -B genes (25, 26). This extensive gene copy number variation
exceeds the lineage Il KIR expansion observed in humans. Thus far, twenty-two KIR
genes and 218 alleles have been reported in macaques (7, 22, 27-35). KIR haplotypes
in macaques can contain up to eleven genes, some including Mamu-KIR2DL04 and
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Mamu-KIR1D, which belong to KIR lineages | and lll, respectively. The human KIR
haplotypic division differentiating between the more activating (B) and the more
inhibitory (A) haplotypes is not as obvious for macaques (22, 26).

A limited number of macaque haplotypes has been characterized by studying
segregation in families in combination with conventional sequencing methods, leading
to haplotype definitions that were based on the presence of both partial and full-
length cDNA sequences. Although these methods provided insights, they were either
not always sufficient to resolve allele-level haplotypes, or to identify genes with low
transcription levels. In contrast, most human KIR haplotypes were characterized by
determining the presence or absence of KIR genes at the genomic DNA (gDNA) level.
As a consequence, crucial information on the allele level, copy number variation,
transcription level, and transcriptional modifications, such as splicing, may be missed.
As particular KIR alleles are expected to be associated with health and disease, a
comprehensive method is required to characterize the complete KIR transcriptome.
Here we report a next-generation Single-Molecule, Real-Time (SMRT) sequencing
method on the PacBio Sequel platform, which allowed us to obtain full-length KIR
transcriptomes, as well as K/IR haplotypes for both human and rhesus macaque families.
This approach provides a significant step forward, which may aid in a better
understanding and interpretation of K/R-allele associated diseases, as well as the
immune reactivity in transplantation and reproductive biology.

Materials & method

Animals and cells

A large pedigree-based Indian rhesus macaque family, with a total of thirty animals,
was selected from the self-sustaining colony housed at the Biomedical Primate
Research Centre (BPRC) (Figure 1). EDTA or heparin whole blood samples were
obtained during regular annual health checks, and peripheral blood mononuclear cells
(PBMC) were isolated from heparin blood samples. PBMCs of fifteen related humans
were provided by the immunohematology and blood transfusion department of the
Leiden University Medical Center (Figure 4). Informed consent was obtained from all
participants.

RNA / gDNA extraction and cDNA synthesis

Total RNA was extracted directly from EDTA whole blood samples or from +15 x 106
PBMCs with RNeasy Mini Kit (Qiagen, Valencia, CA, USA) in accordance with the
manufacturer’s instructions. First-strand cDNA was synthesized with the RevertAid
First Strand cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA) using oligo(dT),, primers.
Genomic DNA was extracted from EDTA whole blood samples by a standard salting-out
procedure, or from +15 x 10° PBMCs with an AllPrep RNA/DNA easy Mini Kit (Qiagen,
Valencia, CA, USA) according to the manufactures instructions.
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PacBio Sequel PCR amplification, sample purification and SMRTbell libraries

Polymerase chain reaction (PCR) with different primer sets (Table 1) was performed
on cDNA using Phusion Hot Start Il DNA Polymerase (Thermo Fisher Scientific, Waltham,
MA, USA) to obtain full-length macaque and human KIR amplicons. Each primer was
tagged at the 5’ end with a 16 bp barcode, designed for the PacBio platform, to identify
samples by unique barcode combinations. Thermal cycling conditions were:
denaturation at 98 °C for 2 min, followed by 32 cycles of 98 °C for 20°s, 66 °C for 45 s,
and 72 °C for 2 min, except for the primer set derived from Moreland and colleagues
(24): denaturation at 98 °C for 2 min; 5 cycles of 98 °C for 20 s, 68 °C for 5 s, 66 °C for
55,63 °Cfor30s,60°Cfor5s,and 72 °C for 2 min; 29 cycles of 98 °C for 20°s, 63 °C
for 30 s, and 72 °C for 2 min. Appropriately sized PCR products of approximately 1250
bp were selected by gel electrophoresis and purified using a Genelet Gel extraction kit
(Invitrogen, Carlsbad, CA, USA). The amplified KIR amplicons were pooled and purified
twice, using AMPure XP beads (Beckman-Coulter, Woerden, The Netherlands) at a 1:1
bead to DNA volume ratio. The DNA concentration of purified pooled samples (> 1 ug
total DNA) was measured using the Qubit dsDNA HS assay kit and Qubit 2.0 Fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA).

SMRTbell libraries were generated according to the PacBio Amplicon Template
Preparation protocol for circular consensus sequences (CCS) (36). In brief, PCR product
pools were end-repaired, and hairpin adapters were subsequently incorporated using
the PacBio DNA Template Prep Kit 2.0. After the removal of failed ligation products, the
SMRTbell templates were purified with 0.6x volume of AMPure XP beads. The volume
of sequencing primer and polymerase was determined using the PacBio calculator.
Polymerase-bound SMRTbells were MagBead loaded over zero-mode waveguides and
immobilized. SMRTbell library generation and sequencing were performed by the
Leiden Genome Technology Centre (LGTC) using a PacBio Sequel instrument with P6-
C4 sequencing chemistry.

PacBio Sequel data analysis

Circular consensus sequences were obtained and selected for high read quality (rg-
value of 0.99 or higher). The data was demultiplexed based on unique barcoding, and
were used to type individual samples.

Geneious Pro R10 software (37) was used to map the reads to a reference database,
including all reported full-length and partial human or macaque KIR cDNA sequences
(7, 14, 22, 27-35), to identify 100% matched reads (100% overlap, 0% mismatch,
maximum ambiguity = 1). The remaining reads were De Novo assembled, and the
consensus of each contig was phylogenetically aligned with the human or macaque KIR
sequence reference database. Official designations of novel sequences were
determined by comparison with the reference sequence databases and by phylogenetic
analysis, and were provided by the Immuno Polymorphism Database (IPD), which will
shortly release a database with non-human primate KIR sequences. The novel
sequences were confirmed when observed in two independent PCRs or shown to
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segregate into families, and were subsequently submitted to the European Nucleotide
Archive (ENA) and assigned an association number (https://www.ebi.ac.uk/ena/data/
view/PRJEB22235).

Allele confirmation by Sanger sequencing

Alleles that could not be confirmed by segregation and had low PacBio read counts
(< 3 reads), or alleles that seemed to be duplicated on a single haplotype, were
confirmed by Sanger sequencing. To amplify products that distinguished the different
genes or alleles, specific primers were designed within the exons (Supp. Table I). For all
primers, the PCR conditions were: denaturation at 98 °C for 2 min, followed by 32
cycles of 98 °Cfor 20s, 66 °Cfor 45 s, and 72 °C for 2 min. PCR products were subjected
to gel electrophoresis, and bands of the appropriate size were purified with a Genelet
Gel extraction kit. For Mamu-KIR3DLO7, Mamu-KIR3DLO5 and Mamu-KIR3DS0?2 cloning
was performed as previously described (28). Sequencing of the PCR products or
isolated cloned amplicons was performed on a 3500XL Genetic Analyzer automatic
sequencer (Applied Biosystems, Foster City, USA). Sequences were analyzed with
SegMan Pro (Dnastar, Inc., Madison, USA) and MacVector (MacVector, Inc., Cambridge,
UK) software.

Genomic DNA KIR typing

In addition to typing at the transcription level, both human and macaque samples
were also typed at the gDNA level for the presence or absence of KIR genes. Rhesus
macaque DNA samples were typed using quantitative PCR (gPCR) and melt curve
analysis as previously described (23). Human KIR genotyping was performed by Sanquin
(Dept. of Immunogenetics, Netherlands) using the Olerup SSP® KIR typing kit (Olerup
SSP AB, Stockholm, Sweden) in accordance with the manufacturer’s instructions.

Results

Comparison of the conventional characterization strategies versus the Pachio Sequel
platform

The rhesus macaque KIR system was previously characterized by cloning and Sanger
sequencing, Roche/454 pyrosequencing, and microsatellite analysis, which resulted in
a database of 218 partial and full-length Mamu-KIR alleles (22-24, 27, 33, 38). Validation
of these sequences was provided by independent amplifications and, whenever
possible, segregation studies. However, these characterization strategies were time-
consuming, and were often insufficient to resolve full-length allele sequences.

Experience taught that the Pacbio Sequel platform offers a substantial number of
improvements compared to conventional sequencing strategies, such as higher
throughput and longer reads with high accuracy by circular consensus sequencing
(CCS) (39, 40). Taking these advantages into account, we set up a pipeline to characterize
the KIR gene system using a PacBio Sequel platform. Initially, we calibrated the PacBio
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platform by re-analyzing macaque blood samples that had been previously typed for
KIR by a conventional methodology. With the current PacBio sequencing protocol, we
confirmed in considerably less time the rhesus macaque KIR results that had been
obtained earlier. Furthermore, additional KIR alleles and genes were identified, and
partial sequences that had been missed by conventional methods could be extended.
In the following set-ups, we used a family segregation concept, so that identical
sequences could be obtained and confirmed by analyzing different but related
individuals.

Full-length KIR allele discovery at the transcription level in rhesus macaques

The previously published macaque KIR3D/1D and KIR2DLO4 primers located in
conserved regions of the 5" and 3’ UTR were barcoded with PacBio sequence tags, and
used to amplify full-length KIR cDNA transcripts (22, 24). A combination of two generic
Mamu-KIR3D/1D and one specific Mamu-KIR2DLO4 primer sets was required to
amplify the complete KIR transcriptome in macaques (Table I).

A family of thirty macaques was selected that originated from eight founders and
covered four generations, which allowed an extensive segregation study (Figure 1). An
average of approximately 9,000 Mamu-KIR3D/1D and 5,800 Mamu-KIR2DL04 reads
were obtained per animal (£100,000 reads/PacBio Sequel cell), of which 20-45% were
perfectly matched with the Mamu-KIR allele library that consisted of 218 annotated
Mamu-KIR3D/1D and Mamu-KIR2DL0O4 sequences. The remaining reads that did not
match with the Mamu-KIR library were novel alleles, partial sequences or sequences
containing random single nucleotide gaps, which had been introduced by PacBio
sequencing. A total of twenty-nine unreported Mamu-KIR alleles were identified in
thirty related rhesus macaques (Tables Il and Il1). Six new KIR alleles were identified for

Table I. Overview of forward (Fw) and reverse (Rv) primers used for PacBio PCR amplification of full lenght
KIR in humans and macaques. To amplify different KIR genes, wobbles had to be introduced in primer
sequences: cytosine or thymine (Y), adenine or guanine (R), guanine or thymine (K) and adenine or thymine
(W). The human KIR2D/3D primers were designed for this study to amplify all KIR genes, except for KIR2DL4,
KIR2DLS, and KIR3DL3. Human KIR2DL4 was specifically amplified by a seperate primer set.

Target Fw /Rv Primer sequence 5’ - 3’ Source
Fw CAGCACCATGTCGCTCAT
Mamu-KIR3D/1D Moreland et al. [24]
Rv GGGGTCAAGTGAAGTGGAGA
Fw AACATCCTGTGYRCTGCKGAGCWGAG
Mamu-KIR3D/1D Blokhuis et al. [22]
Rv TGGAKAATTGTGGGYTAAGCAARGGAG
Fw CCACATCCTCTGCACCGGTCAGTC
Mamu-KIR2DL4 Blokhuis et al. [22]
Rv GCAGGGGTCAAGTGAAGGGGAGAA
Fw CGTCAYCCTCCCATGATGTGG ) )
Human KIR2D/3D Designed for this study
Rv GTTGGAGAGGTGGGCAGG
Fw CCTCACCACATCCTCTGCAC ) )
Human KIR2DL4 Designed for this study
Rv GGTGTGAGGAAGAGTGATGCT
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Figure 1. Pedigree of an Indian rhesus macaque family comprising thirty members. Depicted are the sires
(blue squares) and dames (red ovals) with their offspring. Five animals (C68, 2CP, 97026, R99020, and R03053)
are present in the pedigree multiple times, and are depicted by a different color. Different haplotypes are
indicated by H1, H2, and so on. All haplotypes are found in at least two animals, except for H12, which did not
segregate from sire 95055 into any of the offspring. Although no blood samples were obtained from dame
9078, H4 could be deduced based on the offspring’s genetic content.

Mamu-KIR3DLO7 and Mamu-KIR3DL20, whereas for the other KIR genes, two, one, or
no new alleles were detected.

In two of the newly detected alleles, premature stop codons were identified, but
both were located in exon 9. For example, an insertion of a single cytosine (C) was
found at base pair position 1014 in Mamu-KIR3DL11*009 (LT906600), which resulted
in a frame shift and the introduction of an early stop codon at base pair position 1171
(exon 9). This cytosine insertion was confirmed using multiple independent PCRs, and
the frame shift might suggest a Mamu-KIR3DL11 isoform with a truncated cytoplasmic
tail, thereby lacking the ability to signal via ITIMs. In Mamu-KIR3DL05*013 (LT906588),
a point mutation at base pair position 1294 (exon 9) introduced a stop codon, which
resulted in a transcript likely to encode a KIR3DL protein with only one ITIM.

In addition to novel alleles, six previously reported Mamu-KIR sequences were
extended, and another thirty alleles were confirmed. Overall, of the sixty-nine KIR
genes/alleles identified in the rhesus macaque family (Table Il), almost half of them
were novel, illustrating the power of the platform and the extensive allelic polymorphism
of the macaque KIR gene system.

Recombinant Mamu-KIR genes

In addition to allelic polymorphism and CNV, the plasticity of the KIR gene system is
also reflected by recombination events, such as inter- and intrachromosomal
rearrangements, which might result in the formation of recombinant in-frame KIR
genes (Figure 2A, B) (41-44). This type of generation of novel gene entities, caused by
the fusion of different genes, has been described in humans, but thus far has not been
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Table II. Reported and novel alleles per Mamu-KIR gene. In total, 218 Mamu-KIR alleles are reported and
used as reference database in this communication. Four recombinant and twenty-nine novel alleles were
discovered and named by phylogenetic analysis. The recombinant genes consist of two segments from
different KIR genes. Thirty-six alleles were confirmed or extended. In total, 69 Mamu-KIR alleles were reported
in the studies rhesus macaque family.

Gene R C N Gene R C N  Gene R C N
1D 3 1 0 3DLO7 13 1 6  3DS04 9 0 0
2DL4 28 5 0 3DLO8 12 4 1  3DS05 5 2 1
3DL01 28 7 2 3DL10 8 1 2 3DS06 8 1 1
3DL02 9 1 0 3DL11 7 0 1 3DSwO07 3 0 0
3DLw03 5 0 2 3DL20 15 4 6  3DSw08 12 2 1
3DL04 4 0 0 3DS01 5 1 1  3DSw09 6 1 1
3DLO5 14 2 2 3DS02 17 2 2 Recombinant 0 0 4
3DLO6 2 0 0 3DS03 5 1 0  Total 218 36 33

R= Reported alleles, C=Confirmed genes, N=Novel alleles

Table Ill. Overview of twenty-nine novel, four recombinant, and six extended KIR genes observed in thirty
related rhesus macaques. Official designations of novel sequences were determined by comparison with the
reference sequence database, containing 218 reported Mamu-KIR sequences, and were provided by the
Immuno Polymorphism Database (IPD), which will shortly release a database with non-human primate KIR
sequences.The number of animals that contained the allele and the European Nucleotide Archive (ENA)
accession numbers are listed (https://www.ebi.ac.uk/ena/). E, extended KIR sequence; R, recombinant KIR
sequence.

Number  ENA Number  ENA
Gene name of accession  Gene name of  accession

animals number animals number
Mamu-KIR3DL01*002:02 11 LT906583 Mamu-KIR3DL20*020 2 LT906605
Mamu-KIR3DL0O1*028 3 LT906584  Mamu-KIR3DL20*022 3 LT906607
Mamu-KIR3DLw03*006:01 6 LT906585  Mamu-KIR3DS01*004 2 LT906608
Mamu-KIR3DLw03*007 2 LT906586  Mamu-KIR3DS02*014 2 LT906609
Mamu-KIR3DLO5*012 6 LT906587  Mamu-KIR3DS02*015:01 6 LT906610
Mamu-KIR3DLO5*013 2 LT906588  Mamu-KIR3DS05*004 3 LT906611
Mamu-KIR3DLO7*014 11 LT906589  Mamu-KIR3DS06*007 7 LT906612
Mamu-KIR3DLO7*016 5 LT906591  Mamu-KIR3DSw08*010:02 2 LT907836
Mamu-KIR3DLO7*017 6 LT906592  Mamu-KIR3DSw09*007 3 LT907837
Mamu-KIR3DLO7*018 2 LT906593 Mamu-KIR3DL02/3DLO8A (R) 7 LT907838
Mamu-KIR3DLO7*019 2 LT906594  Mamu-KIR3DL02/3DLOSB (R) 2 LT907839
Mamu-KIR3DLO7*020 2 LT906595  Mamu-KIR3DL10A/3DLO2 (R) 7 LT907840
Mamu-KIR3DLO8*012 6 LT906596  Mamu-KIR3DL10B/3DLO2 (R) 1 LT907841
Mamu-KIR3DL10*002:03 6 LT906597  Mamu-KIR3DLO1*002 (E) 7 LT963634
Mamu-KIR3DL10*007 11 LT906598  Mamu-KIR3DL02*004:01 (E) 5 LT963635
Mamu-KIR3DL11*009 2 LT906600  Mamu-KIR3DLO5*006:01 (E) 6 LT963636
Mamu-KIR3DL20*016 6 LT906601  Mamu-KIR3DLO7*009:01 (E) 3 LT963637
Mamu-KIR3DL20*017 3 LT906602  Mamu-KIR3DL20*001 (E) 6 LT963638
Mamu-KIR3DL20*018 17 LT906603 Mamu-KIR3DS05*002:02 (E) 12 LT963639
Mamu-KIR3DL20*019 6 LT906604
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Figure 2. Chromosomal rearrangement mechanisms, inter- or intrachromosomal, which can result in
recombinant KIR genes and the contraction of haplotypes. (A) Interchromosomal: recombination between
two different (homologous) chromosomes can result in the generation of a novel recombinant gene and the
deletion of gene segments. (B) Intrachromosomal: two genes on the same chromosome might align with each
other, and subsequent rearrangements can result in the generation of a recombinant fusion gene and the
deletion of a non-viable ring chromosome. The deletions described by (A) and (B), together with the
generation of a recombinant gene, might explain the KI/R haplotype contractions. (C) Two variants of
recombinant gene transcripts observed in rhesus macaques are depicted. The 5" end to exon 4 of Mamu-
KIR3DL10 and exon 5 to the 3" end of Mamu-KIR3DLO2 encode one type of recombinant transcripts, with SNPs
in the Mamu-KIR3DL10 segment. The other recombinant genes found in this study are encoded by the 5’ end
to exon 3 of Mamu-KIR3DLO2 and exon 4 to the 3’ end of Mamu-KIR3DLOS8, with variation in the Mamu-
KIR3DLO8 segment. Predicted KIR protein structures are schematically illustrated adjacent to the respective
gene, in which the colors of the exons and protein segments resemble each other. (D) Human recombinant KIR
transcript with the 5" end to exon 6 of KIR2DL1 and exon 7 to the 3’ end of KIR3DL2. This transcript is likely to
encode a KIR2D protein with the extracellular domains of KIR2DL1 and an intercellular tail of KIR3DL2, as
schematically illustrated adjacent to the transcript.
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observed in rhesus macaques. In this study, comprising only one extended macaque
family, four novel recombinant Mamu-KIR sequences were identified at the
transcription level, composed of segments from two different KIR genes (Figure 2C).
Two recombinant genes consisted of the 5’ end to exon 4 of Mamu-KIR3DL10 and exon
5 up to the 3’ end of Mamu-KIR3DL0O2, but seemed to originate from two independent
fusion events. In these two recombinant genes, most point mutations were observed
in the Mamu-KIR3DL10 segment, whereas the Mamu-KIR3DLO2 part was less variable;
we therefore refer to these recombinant genes as Mamu-KIR3DL10A/3DL02 and
Mamu-KIR3DL10B/3DL02. The other two recombinant genes consisted of the 5’ end
up to exon 3 of Mamu-KIR3DLO2 and exon 4 up to the 3’ end of Mamu-KIR3DLOS.
These recombinant sequences can be distinguished by a synonymous and a non-
synonymous single nucleotide polymorphism (SNP) in the Mamu-KIR3DLO8 segment,
and will be referred to as Mamu-KIR3DL02/3DLO8A and Mamu-KIR3DL02/3DLO8B.
The transcripts of the above-mentioned recombinant genes encoded three
extracellular domains and a long cytoplasmic tail, suggesting an inhibitory function
(Figure 2C). The recombinant genes were confirmed by independent PCRs and/or
segregation into families. All four recombinant genes contained a segment of Mamu-
KIR3DLO2, suggesting that this gene is highly susceptible to engaging in fusion events.
However, recombinant genes containing segments from other inhibitory, activating, or
pseudo-genes might be discovered when larger populations are studied.

Rhesus macaque KIR haplotypes show extensive expansions and contractions

An analysis of a rhesus macaque family comprising thirty animals (Figure 1) revealed
the segregation of KIR gene combinations. Twelve previously unreported Mamu-KIR
haplotypes were deduced (Figure 3A). All haplotypes were confirmed in multiple
animals, except for haplotype H12, for which material of informative offspring is
missing (sire 95055). This deduced haplotype was, however, confirmed by multiple
independent PCRs and, in addition, Sanger sequencing to certify low PacBio read
counts for the Mamu-KIR3DL20 and KIR3DSO5 genes (< 3 PacBio reads; Supp.
Figure 1A). KIR3DS05 on haplotype H12 could not be defined at the allelic level, but
the presence was confirmed on gDNA. Furthermore, haplotype H12 was confirmed in
part by a previous study in which the KIR repertoire of sire 95055 was analysed using
Sanger sequencing (22).

The number of KIR genes per haplotype showed remarkable variability, and ranged
from four to fourteen genes, which produced bona fide transcripts. Mamu-KIR3DL20
was transcribed on all twelve haplotypes, whereas Mamu-KIR3DLO1 was present on all
haplotypes except for haplotype H9. These two genes might be considered framework
genesinrhesus macaques, although some previously reported macaque KIR haplotypes
defined by conventional characterization methodology seem to lack those genes (22).
Eight of the twelve Mamu-KIR haplotypes transcribed a Mamu-KIR2DLO4 gene,
whereas in humans the orthologous gene is referred to as a framework gene (12).
Other common lineage Il KIR genes were Mamu-KIR3DLO5, Mamu-KIR3DLO7, Mamu-
KIR3DLO8, Mamu-KIR3DL10, Mamu-KIR3DS02, and Mamu-KIR3DS05, which were
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present in 55-70% of the studied animals. Most of the remaining KIR genes were
present in approximately 10-30% of the animals, or were absent in this family. The
more frequently present genes, like Mamu-KIR3DLO1, Mamu-KIR3DLO5, Mamu-
KIR3DLO7, Mamu-KIR3DL20, and KIR3DS02, showed the most allelic variation (Table II),
which might indicate a selective pressure on relatively rapidly evolving genes, or that
these KIR genes are old entities that accumulated variation over time.

Haplotypes H7, H9, and H11 showed an expansion of the KIR cluster that was
characterized by two or three ‘allelic’ copies of a certain gene (Figure 3A). On
haplotypes H7 and H11, Mamu-KIR3DLO1 was duplicated, resulting in two ‘allelic’
Mamu-KIR3DLO1 copies that differed at 22 and 12 base pair positions, respectively.
Considering the number of SNPs between the Mamu-KIR3DLO1 copies and the fact
that they are located on the same chromosome, designating them as different genes
could be considered in the future. Macaque haplotype H9 showed a more extensive
expansion, with two ‘allelic’ copies of Mamu-KIR3DLO5 and Mamu-KIR3DS02, and even
three copies of Mamu-KIR3DLO7. Each ‘allelic’ Mamu-KIR3DLO7 copy varied from the
other by at least six SNPs, suggesting that these copies are old entities that accumulated
variation over time, and are not the result of recent duplications. The duplicated
Mamu-KIR3DLO5, Mamu-KIR3DLO7, and Mamu-KIR3DSO2 copies on haplotype H9
were also confirmed by Sanger sequencing to exclude potential in vitro artefacts
generated by the PacBio platform (Supp. Table I and Supp. Figure 1B, C, D).

In contrast to extended haplotypes, macaque haplotypes H4, H8, H10, and H12
seemed to be contracted haplotypes, with only four or seven/eight KIR genes present,
including a recombinant gene generated by an in-frame fusion event. All of these
contracted haplotypes also contained a Mamu-KIR3DLO1 and Mamu-KIR3DL20 allele
along with a few additional lineage | and/or Il KIR alleles. The presence of a fusion gene

Figure 3. Rhesus macaque and human KIR haplotypes defined on the transcription level. (A) Twelve
different KIR haplotypes were characterized by a segregation study involving a large rhesus macaque family.
All haplotypes segregate except for haplotype H12, which was only found in sire 95055 and was confirmed by
multiple independent PCRs. The physical localization of Mamu-KIR3DL20, Mamu-KIR1D, and Mamu-KIR2DL04
is based on a completely sequenced macaque KIR haplotype, and these genes are indicated by different colors
(27). All other Mamu-KIR3DL genes are indicated in blue boxes and all Mamu-KIR3DS genes in red boxes. Since
Mamu-KIR3DLO1 is present on all haplotypes except haplotype H9, it might be considered a framework gene,
and is therefore indicated by a different blue color. KIR3DS05 on haplotype H12 (grey box) was determined as
present on gDNA, but lacked allele-level typing due to low PacBio read counts (< 3 PacBio reads). Gene
duplications, or genes that are likely to be inserted as an entity, are indicated by a dark blue outline around the
boxes. A recombinant gene, which might be the result of a fusion event, is depicted by a two-colored box (see
for instance haplotype H4). On haplotypes H7 and H12, it was undeterminable whether KIR1D*002 was
present, and these boxes are indicated by a dashed outline. The physical localizations of the Mamu-KIR3DL
and the Mamu-KIR3DS genes are predicted based on information from recombinant genes or gene insertions.
(B) Ten human KIR haplotypes were characterized. Haplotypes H1 to H7 did segregate, whereas haplotypes H8
to H10 were only found in a single individual. The inhibitory KIR (KIR2/3DL) are depicted by blue boxes,
whereas the activating KIR (KIR2/3DS) are depicted by red boxes. KIR2DL4 is illustrated by yellow boxes.
KIR3DL3 and KIR2DL5 were only determined for their presence or absence on gDNA, and are depicted in grey
boxes. The recombinant gene on haplotype H4 is illustrated by a two-colored box. The gene order and
haplotype nomenclature are based on the haplotype conformations as described by Pyo and colleagues (52).
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on all contracted haplotypes might be indicative of recombination events, such as
unequal crossing-over and intrachromosomal recombination (Figure 2A, 2B), which
might have caused the deletion of genes that were present on the original KIR
haplotypes. At least one copy of a recombinant gene was found in 40% of the animals
(Supp. Table Il), which might indicate positive selection for contracted haplotypes
containing recombinant genes.

The recombination events in macaques may be indicative of the physical position of
KIR genes and, in combination with the previously sequenced macaque KIR haplotype
by Sambrook and colleagues, the physical locations of the KIR genes were predicted
and illustrated in Figure 3A (27). For example, haplotype H8 and H12 contain a
recombinant gene with a 5’ segment of Mamu-KIR3DL10 and a 3’ segment of Mamu-
KIR3DL0O2, suggesting that the latter is located downstream of Mamu-KIR3DL10. The
recombinant genes on haplotypes H4 and H10 suggest that Mamu-KIR3DLO2 should
be localized in front of Mamu-KIR3DLO8. Furthermore, Mamu-KIR3DLO5, Mamu-
KIR3DLO7, and Mamu-KIR3DSO2 seemed to have been introduced on macaque
haplotype H9 as a single entity, indicating that these genes were located next to each
other, or are at least in close proximity. Nevertheless, to elucidate the precise KIR gene
positions, additional genomic haplotype sequencing and phasing needs to be
performed.

To confirm that no KIR genes were missed by PCR amplification at the transcription
level, the absence or presence of several frequent KIR genes was also determined at
the gDNA level (Supp. Table Il). This approach suggested that no frequent KIR genes
had been missed by the three primer sets used for amplification on cDNA. In addition,
although typing for the presence or absence of these genes at the gDNA level might be
less informative, in a few cases it provided extra information that was needed to assign
them to a certain haplotype.

Identification of full-length cDNA KIR transcripts and a fusion gene in humans

In humans, one generic primer set, mapping to the UTRs, was able to amplify most
KIR2D/3D genes, except for KIR3DL3, KIR2DL4, and KIR2DL5. For KIR2DL4, we designed
an additional specific primer set to facilitate analysis of this gene at the transcriptional
level (Table 1). UTR-specific primers for KIR3DL3 and KIR2DL5 could not be designed,
and therefore these genes were only analyzed for the presence or absence at the
gDNA level. It is known from the literature that K/IR3DL3 is a framework gene, and
should be present on all KIR haplotypes, whereas for KIR2DL5, two, one, or no copies
can be present only on group B haplotypes (12, 45).

A human family consisting of fifteen members was selected, which allowed
segregation analysis (Figure 4). The family comprised three generations, and had been
founded by five individuals. Approximately 7,900 KIR2D/3D reads and 7,350 KIR2DL4
reads per individual were obtained, and an average of 10-22,5% of the reads mapped
100% to the human KIR2D/3D allele library containing 907 reported KIR alleles (14).
The remaining reads contained single nucleotide gaps, or were partial sequences
introduced by PacBio sequencing. No unreported human KIR alleles were discovered,
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Figure 4. Pedigree of a human family that comprises fifteen individuals. Depicted are the males (blue
squares) and the females (red ovals) with their children. The gender of individual 72 was unknown. Different
haplotypes are indicated by H1, H2, and so on. In total, ten KIR haplotypes were identified in this family, of
which seven did segregate (H1 — H7) and three were found in a single individual (H8 — H10).

although one known partial sequence was extended (KIR3DL2*011:01, LT934502).
Furthermore, a recently reported fusion gene was confirmed, consisting of the 5" end
up to exon 6 of KIR2DL1 and exon 7 to the 3’ end of KIR3DL2 (Figure 2D, LT963640)
(42). The fusion transcript encoded a D1-D2 extracellular segment and a long
intercellular tail, suggesting an inhibitory KIR2D receptor. Standard KIR typing kits,
which are commonly used for KIR characterization in humans, readily miss recombinant
KIR genes as they only type for the presence or absence of gene segments at the gDNA
level.

On average, less copy number variation for human versus rhesus macaque KIR haplotypes

Ten KIR haplotypes from fifteen related human individuals were thoroughly defined
based on full-length cDNA transcripts (Figure 3B). Each haplotype encoded from three
to ten KIR gene transcripts, including representatives of the framework genes KIR3DL3,
KIR2DL4, and KIR3DL2, except for haplotype H4, which lacked a copy of the KIR2DL4
gene. The fourth human framework gene, KIR3DP1, is a pseudo-gene, and is therefore
not amplified at the transcription level.

In this communication, we followed the human KIR haplotype nomenclature
conventions of Pyo and colleagues, which was later adapted by Vierra-Green and
colleagues (46, 47). Human haplotypes H1, H2, H5, and H7-H10 represent so-called
non-variable A haplotypes (cA01|tA01), characterized by six KIR genes (on cDNA level),
including the framework genes KIR2DL4 and KIR3DL2, and the activating receptor
KIR2DS4. Haplotype H8 was identical to the previously reported cA01:009|tA01:010
haplotype, whereas the telomeric region of H7 was identical to tA01:011 (46). Group B
haplotypes were represented by haplotypes H3 and H6 (Figure 3B), containing up to
ten KIR genes, including multiple activating receptors. The telomeric region of
haplotype H6 was identical to the previously reported tB01:001 region, and was
combined with a cAO1 region (cA01|tB01:001). KIR haplotype H3 confirmed the
previously reported cB01|cA01 haplotype configuration (46). Haplotype H4 contained
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only three KIR genes- KIR3DL3, KIR2DL3, and a KIR2DL1/KIR3DL2 fusion gene- the latter
suggesting a contracted haplotype. The absence of the framework gene KIR2DL4 on
haplotype H4 might suggest a deletion in the telomeric region of this haplotype.
Recently, Roe and colleagues published a contracted haplotype on gDNA that appears
to be identical to our haplotype H4, including the above-described recombinant gene
(cAD4) (42).

In most human disease association studies, KIR genes are typed by determination of
their presence or absence on gDNA. However, multiple studies demonstrated that
health and disease could be linked to certain KIR alleles instead of to KIR genes (48-50).
Therefore, high-resolution characterization of the KIR genes might be clinically
beneficial, and could improve future KIR disease association studies. To confirm that
our transcriptome characterization approach did amplify all KIR genes, their presence
or absence was also assayed at the gDNA level using the Olerup SSP® KIR typing kit. All
seventeen KIR genes that were identified as present on gDNA were also detected at
the transcription level, except for KIR2DL5, KIR3DL3, and the pseudo-genes (Supp.
Table Ill). The pseudo-genes KIR3DP1 and KIR2DP1 were present in all genotyped
individuals. KIR3DP1 is a framework gene and was suggested to be present on all
haplotypes, except for haplotype H4, which is assumed to lack the KIR3DP1 gene due
to a deletion in the telomeric region as described by Roe and colleagues (Figure 3B)
(42). KIR2DP1 has been described to be present on cAO1 and cBO1 regions (46),
suggesting the presence of this pseudo-gene on all haplotypes of the studied human
family. The framework gene KIR3DL3 and the group B haplotype-specific KIR2DL5 were
found present at gDNA level in all individuals and on both group B haplotypes H3 and
H6, respectively (Figure 3B; grey boxes). These findings supported the assumption that
our transcriptome protocol amplified all KIR genes, except for KIR2DL5, KIR3DL3, and
the pseudo-genes, and might be beneficial for future KIR disease association studies.
In addition, the identification of multiple human KIR haplotype regions that had been
reported by others further validated our protocol.

Discussion

More recently, sequencing and characterization studies provided insights into the
complexity of the KIR gene system. However, due to large gene copy number variation
andto the high similarity of the KIR genes, conventional sequencing methods hampered
the accurate characterization of the complete KIR system at the transcription level.
Here, we describe a comprehensive and relatively fast SMRT sequencing protocol using
a PacBio Sequel platform to completely characterize the KIR transcriptomes in human
and rhesus macaque families. The power of this approach is demonstrated by the fact
that, in a relatively short time, novel KIR genes, alleles, and complex KIR haplotypes
were defined by segregation studies in a family set-up. A relatively high number of
human and macaque recombinant KIR genes were discovered, and seemed to be the
result of several independent fusion events. This study allowed comparison of the
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human and rhesus macaque KIR transcriptomes. Eventually, this may result in a better
understanding and interpretation of KIR disease association studies.

A comparison of ten human and twelve rhesus macaque KIR haplotypes illustrates
that both species share highly similar gene systems. Although there are subtle
differences, such as different receptor lineage expansion and haplotype organisation,
both species show extensive allelic polymorphism and gene copy number variation in
their KIR repertoire. Hence, rhesus macaques may provide relevant models to study
the impact of KIR genes on health and disease. Human KIR allelic polymorphism seems
to have already been broadly mapped, as all the alleles we recovered are documented
in a database containing over 900 alleles extracted from numerous population studies
(14). In contrast, only 218 Mamu-KIR alleles were reported, but considering that almost
half of the total Mamu-KIR alleles discovered in this study were unreported, it is
reasonable to suggest that this number is only the tip of the iceberg. Therefore, the
extent of allelic KIR polymorphism seems to be at least comparable in humans and
rhesus macaques.

KIR gene copy number variation is observed on the human and rhesus macaque
haplotypes, which contained from four to twelve or four to fourteen KIR (pseudo-)
genes, respectively. In humans, the non-variable group A haplotypes rarely show copy
number variation, whereas the group B haplotypes can have a variable number of -
mainly activating - KIR genes, in part caused by duplications or chromosomal
rearrangements (Figure 3B). In macaques, each haplotype can contain a different
number of inhibitory and activating KIR genes, which can be magnified by deletions or
insertions as a result of duplications and chromosomal rearrangements (Figure 3A). In
comparison to the human situation, the overall CNV seems to be more extensive in the
macague KIR gene system, and might be explained by co-evolution with the expanded
MHC class | repertoire in macaques, and by the absence of a haplotypic organisation as
is observed in humans.

One human and four macaque haplotypes showed signs of contraction. In both
species, the contraction of haplotypes was marked by the presence of recombinant
genes and the apparent deletion of a haplotype segment. The generation of these
contracted haplotypes is most likely mediated by repetitive elements present in the KIR
introns (43). For some human recombinant haplotypes, these sequence repeats are
identified and characterized as breakpoints that may facilitate chromosomal
rearrangements (Figure 2A, B). In macaques, however, these repetitive elements are
not yet characterized, but considering the observation of short Mamu-KIR haplotypes,
in addition to the presence of recombinant genes, it is likely that the same mechanisms
are responsible for KIR gene expansion and haplotype contraction as is observed in
humans. The rapid loss and gain of KIR genes, driven by the repetitive sequence
elements in the introns, might be an advantageous evolutionary strategy to expand
gene variability using an existing gene repertoire, and thereby enhancing pathogen
evasion. Hence, recombinant genes are composed of different heads (ligand
interaction) and tails (signaling function), which may facilitate the exchange of
functionalities and ligand interactions between receptors (Figure 2C, D).
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In macaques, in addition to contraction, expansion of KIR haplotypes was also
observed. Macaque haplotypes H7 and H11l seem to have expanded by gene
duplication, whereas haplotype H9 showed evidence of unequal crossing-over events.
However, it is arguable whether the duplication on macaque haplotypes H7 and H11
should be considered as copies of a Mamu-KIR3DLO1 gene, since the ‘allelic’ copies
vary at 22 and 12 base pair positions, respectively. A sensible nomenclature system for
Mamu-KIR3DLO1 sequences should be considered. A more extreme expansion is
observed on macaque haplotype H9, which contains two ‘allelic’ copies of Mamu-
KIR3DLO5 and Mamu-KIR3DS02 and three Mamu-KIR3DLO7 copies. Although it is
possible that this expansion is explained by multiple gene duplications, it seems more
likely that these three duplicated genes are introduced as one entity or tandem, on
which Mamu-KIR3DLO7 might already have been duplicated.

Although no expanded human KIR haplotypes were found in the present human
family studied, other researchers reported KIR haplotypes with gene insertions, similar
to the extended macaque haplotype H9 (42, 51, 52).

The expansion and contraction of KIR haplotypes might be a balancing selection for
fighting infections on the one hand and for reproductive success on the other. A similar
reproductive/immunological trade-off is illustrated by the haplotypic organization in
human KIR (12). In humans, expansion and contraction of the KIR region is only
observed on group B haplotypes, which indicates that structurally diversifying the non-
variable group A haplotypes is not beneficial. The group B haplotypes, which can
contain a variable number of KIR genes, show chromosomal rearrangements, whereby
KIR genes are introduced and/or deleted. This diversifying selection might be associated
with increasing immune response variability, successful reproduction, loss of
unfavourable genes, or the generation of novel fusion genes. However, chromosomal
recombination might also be driven by the specific content of group B haplotypes. In
this case, sequence elements that are present on group B haplotype-specific genes,
such as activating KIR and KIR2DL5, might drive recombination events, without
necessarily requiring selective pressure. In macaques, as well as in all other non-human
primates, there is no haplotypic organization that divides variable and non-variable
haplotype content. All macaque haplotypes seem to be prone to diversifying selection,
as great variability in gene content is observed, but association with reproductive
success or pathogen evasion has not yet been demonstrated. On an individual level,
contracted haplotypes should provide the essential functions of the KIR gene system.
Mamu-KIR3DLO1 and Mamu-KIR3DL20 are two highly polymorphic and frequently
expressed genes, and all four contracted Mamu-KIR haplotypes identified in this study
have expression of these genes in common. Three of the studied macaques (R12035,
R13084, R14072) are homozygous for contracted haplotypes (Figs. 1, 4A), and do not
show signs of an impaired immune system. This might indicate that Mamu-KIR3DLO1
and Mamu-KIR3DL20 expression, in combination with a recombinant gene, is sufficient
to provide functional NK cell activity.

Previously, two population studies (51, 52) and two smaller studies (42, 53) reported
contracted and expanded KIR haplotypes at the gDNA level in humans. In three of
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these studies, almost twice as many contracted haplotypes were observed in
comparison to expanded haplotypes. However, the prevalence of contracted and
expanded haplotypes in these populations with European ancestry was only 5-10%. In
the selected rhesus macaque family, four of the twelve Mamu-KIR haplotypes were
contracted, whereas only one showed extensive expansion. In 46% of the animals of
the studied rhesus macaque family, a contracted or expanded haplotype was observed.
Although a haplotype analysis of a larger rhesus macaque population is required to
compare the prevalence of contraction and expansion to that observed in humans, this
study suggests that chromosomal rearrangements in the KIR cluster is more common
in rhesus macaques than it is in humans. Furthermore, the results indicate that
contraction, accompanied by the generation of novel recombinant genes, seems to be
more beneficial, or at least has a higher occurrence, than expansion of KIR haplotypes.

In the past, different typing strategies were reported to characterize the KIR cluster
in humans and rhesus macaques, including cloning and Sanger sequencing, Roche/454
pyro-sequencing, and microsatellite analysis (22-24, 27, 33, 38). However, these
methods were often insufficient to assemble full-length allele sequences, as well as
being time consuming and mainly focused on the presence or absence of genes. More
recent reports described high-resolution KIR characterization on gDNA by Next-
Generation Sequencing (NGS) on a PacBio RS Il platform, a MiSeq platform, or by
exome capturing (42, 54, 55). These studies were able to define ‘allelic’-level genotypes
andtoidentify novel alleles, and less frequently, defined complete or partial haplotypes,
and discovered recombinant genes at the gDNA level. Another recent study used SMRT
sequencing on a PacBio RS Il platform to characterize KIR transcription in an inbred
Mauritian cynomolgus macaque population, which is restricted in its genetic diversity,
and was able to identify nine novel alleles and to define KIR haplotypes (56). Our
studies show that a similar approach is also applicable to outbred human and macaque
populations.

Most current clinical methods to characterize the KIR gene system are primarily
based on determining the presence or absence of the known human KIR gene
segments, and they might miss substantial information such as allele-level typing, copy
number variation, expanded haplotypes, and recombinant genes. Multiple disease
association studies, however, illustrated the importance of distinguishing between
alleles of KIR genes (48-50). Therefore, a high-resolution KIR characterization approach
might be beneficial for future health and disease studies.

In this communication, a method is described to thoroughly characterize the KIR
transcriptomes in humans and rhesus macaques, using a relatively fast high-resolution
SMRT sequencing protocol on a PacBio Sequel platform. Novel alleles and recombinant
genes were discovered, and transcribed haplotypes were defined based on transcription
profiles in concert with segregation studies in families. Although sequencing at the
transcription level might have minor drawbacks, such as the lack of intron and pseudo-
gene information, it does have serious advantages over sequencing on gDNA; for
example, transcriptional modifications can be observed, including splicing of transcripts
or intron insertions. These transcriptional modifications might have an effect on the
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function of the receptors; for instance, when KIR3D transcripts can be spliced to
generate KIR2D transcripts, or when transmembrane regions are spliced out, which
may result in soluble receptors. In addition, although the PacBio platform does not yet
provide quantitative analysis, the number of identified transcripts might be indicative
of the expression level of a certain allele. However, this indication might be affected by
other factors, such as variegated KIR expression, the MHC class | gene repertoire, and
previous pathogen exposure.

In conclusion, this comprehensive sequencing approach can eventually contribute
to better understanding and characterizing the KIR gene cluster in different species,
thereby improving not only the interpretation of disease association studies but also
transplantation and reproduction biology.
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<« Supplementary Figure 1. Sequence confirmation by Sanger sequencing. Chromatograms and sequences
obtained by Sanger sequencing to confirm results found by PacBio sequencing. Arrows in the chromatograms
indicate sequence variation. Primers used for Sanger sequencing are listed in Supp. Table I. (A) Macaque
haplotype H12 lacked informative offspring, and was therefore only identified in a single sire (95055). The
haplotype was confirmed by multiple independent PCRs. Nonetheless, low PacBio read counts were obtained
from the Mamu-KIR3DL20 alleles, and therefore these alleles were confirmed by Sanger sequencing. The
arrows indicate double peaks, illustrating the presence of Mamu-KIR3DL20*001 and Mamu-KIR3DL20*002 in
sire 95055, which allowed us to assign the alleles to the specific haplotypes. (B) Two copies of the Mamu-
KIR3DLOS gene were found on macaque haplotype H9. One of these alleles was novel (Mamu-KIR3DLO5*013),
whereas the other was reported previously (Mamu-KIR3DLO5*008).(C) Three copies of the Mamu-KIR3DLO7
gene were found on macaque haplotype H9. These alleles were all novels, and confirmed by Sanger
sequencing. (D) Two copies of the Mamu-KIR3DS02 gene were found on macaque haplotype H9. One of these
alleles was novel (Mamu-KIR3DS02*014), whereas the other was reported previously (Mamu-KIR3DS02*008).

Supplementary table I. Overview of forward (Fw) and reverse (Rv) primers used to confirm alleles on
macaque and human KIR haplotypes. To amplify different Mamu-KIR3DLO7 alleles, a wobble had to be
introduced in the forward primer sequence: adenine or thymine (W). The PCR product sizes were sufficient to
distinguish alleles and confirm their presence.

Target Fw / Rv Exon Primer sequence 5’ - 3’ Product size
Mamu-KIR3DLO5 Fw 4 TCTGCAAAGTGAGGTGACCTT 337 bp
Rv 5 AAGCCTAAGTTCATGGGTCTCC
Mamu-KIR3DLO7 Fw 3 GACCTTCTTGWTITGCCCGGC 556 bp
Rv 4 ACTGGGAGCTGACAACACATAGTC
Mamu-KIR3DS02 Fw 3 GATCATACCCGCACTCCCCAA 319 bp
Rv 4 TGGGAGTGAGTGACAGAACCA
Mamu-KIR3DL20 Fw 5 CCAGAGCTCGTTTGACATTTACCG 183 bp
Rv 5 GGGTGTGACCACACATAGGGCAG
Mamu-KIR3D505 Fw 5 GTGTCAACGGAACATTCCAGGA 109 bp
Rv 5 CTCGGGTGTGACCACTTGTAGGA
Human KIR2DL1 Fw 3 ACTTTGCGCCTCATTGGAGA 359 bp
Rv 4 CCCAGAGGAAAGTCAGCCTG
Human KIR2DL4 Fw 9 GCCCTTCTCAGAGGAGCAAG 116 bp
Rv 9 CATCAAGGCCTGACTGTGGT
Human KIR2DS4 Fw 4 GGTTCAGGCAGGAGAGAAT 111/133 bp
Rv 4 CTGGAATGTTCCGTKGATG

Supplementary table Il & Il These tables are too large to be readable in this thesis. We therefore chose to
make them available online as a PDF file. We recommend to display them on a computer screen. Please use
the QR-codes or type the link address in your browser window.

Supplementary table 11
https://www.bprc.nl/sites/default/files/
downloads/thesis/JB-figS02.pdf

Supplementary table llI
https://www.bprc.nl/sites/default/files/
downloads/thesis/JB-figS03.pdf

Supplementary table Il Supplementary table IlI
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Abstract

The killer cell immunoglobulin-like receptors (KIR) modulate immune responses
through interactions with MHC class | molecules. The KIR region in large cohorts of
rhesus and cynomolgus macaque populations were characterized, and the experimental
design enabled the definition of a considerable number of alleles (n = 576) and
haplotypes, which are highly variable with regard to architecture. Although high levels
of polymorphism were recorded, only a few alleles are shared between species and
populations. The rapid evolution of allelic polymorphism, accumulated by point
mutations, was further confirmed by the emergence of a novel KIR allele in a rhesus
macaque family. In addition to allelic variation, abundant orthologous and species-
specific KIR genes were identified, the latter of which are frequently generated by
fusion events. The concerted action of both genetic mechanisms, in combination with
differential selective pressures at the population level, resulted in the unparalleled
rapid evolution of the KIR gene region in two closely related macaque species. The
variation of the KIR gene repertoire at the species and population level might have an
impact on the outcome of preclinical studies with macaque models.

Introduction

Natural killer (NK) cells provide an early defense mechanism against infectious
diseases and tumor formation by their ability to recognize and kill cells with aberrant
MHC class | expression (1-3). This immune surveillance is modulated by killer cell
immunoglobulin-like receptors (KIR), which are expressed on NK cells and subsets of T
cells (4-6). These gene products are transmembrane receptors consisting of two or
three extracellular domains, which can facilitate ligand interaction, and a long or short
cytoplasmic tail that can utilize an intracellular immunoreceptor tyrosine-based
inhibitory or activation motif (ITIM or ITAM), respectively (3, 7). In humans, the gene
family encoding the KIR genes is located on chromosome 19 q13.4, and its complexity
is reflected by allelic polymorphism, gene copy number variation (CNV), chromosomal
recombination, and alternative splicing (8-11).

Comparison of the KIR gene cluster in humans and other primate species suggests
a first round of expansion between 30 and 45 million years ago (12), which involved
two progenitor genes. The KIR3DX1 lineage is nowadays represented by a single copy
in primates but expanded in cattle, whereas the KIR3D progenitor gene was subjected
to diversification by tandem duplications, deletions, and recombinations (13, 14). This
expansion resulted in a head-to-tail gene cluster encoding a broad repertoire of KIR
genes, the overall architecture of which is conserved in primates. Species-specific
diversification, however, may have resulted in differential lineage expansions and
sequence variation, which is reflected by few KIR orthologs that are shared between
distantly related primate species. Primate KIR genes are phylogenetically classified into
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lineages based on receptor structure and ligand specificity. In humans, lineage |
includes KIR2DL4 and KIR2DL5, lineage Il KIR3DL1/L2/S1, the expanded lineage IlI
KIR2DL1-3, KIR2DS1-5, and the pseudogenes, and lineage V KIR3DL3, respectively. The
initial expansion of lineage Ill members can be traced back to orangutans, and its
emergence seems to have co-evolved with the presence of HLA-C-like genes, which are
present on approximately 50% of the contemporary orangutan MHC haplotypes (15).
In chimpanzees and humans, the lineage Il KIR genes expanded further, and their
genomic clusters comprise 17 and 13 KIR genes, respectively, but only four genes are
considered orthologs (14). Old World Monkeys (OWM), like macaques (genus macaca),
expanded mainly lineage Il KIR genes (KIR3D), which may be associated with their
expanded MHC class | repertoire (16, 17).

Macaques are geographically the most widespread non-human primates (NHP) that
diversified from the human and great ape lineage about 25 million years ago, and
include approximately 20 species that share a habitat spanning from northeast Africa
to Asia. Rhesus and cynomolgus macaques (Macaca mulatta, Macaca fascicularis) are
closely related species that diverged from each other approximately 1-3 million years
ago. Rhesus macaques are distributed across south, east, and Southeast Asia, whereas
cynomolgus macaques mainly inhabit the mainland and islands of Southeast Asia.
Geographically distinct populations, such as the Indian, Burmese and Chinese rhesus
macaques, and the insular cynomolgus macaques, emerged by means of natural
barriers, and resulted in intraspecific variation. The Isthmus of Kra, which is the
narrowest part of the Malaysian peninsula, separates the cynomolgus macaques that
inhabit the mainland of Southeast Asia in a northern (Cambodia, Thailand, and
Vietnam) and southern (Malaysian peninsula) population, and it is suggested that this
geographical barrier restricts gene flow (18, 19). In Indochina, rhesus and cynomolgus
macagues may come across each other, and bidirectional introgression is substantiated
by shared genetic features (20-22). For example, ancestral haplotypes of the highly
polymorphic MHC class | region are encountered in rhesus macaques and cynomolgus
macaques (16, 23, 24), whereas extensive allele sharing had been documented for the
MHC class Il genes (25).

Several sequencing platforms have been used to characterize the macaque KIR gene
region, particularly in Indian rhesus macaques (10, 26-30). Data on the KIR gene cluster
and repertoire in other rhesus macaque populations is limited. For cynomolgus
macaques, only the Mauritian animals were characterized thoroughly (31-33). This
population was founded by a few animals that were introduced to the island by human
interference, approximately 500 years ago, and therefore have a restricted KIR gene
content.

Rhesus and cynomolgus macaques are used as preclinical models for many
infectious and autoimmune diseases, as the immune response and pathologies reflect
the human situation (34, 35). The origin of macaques, however, vary between different
research facilities and might impact the disease phenotype, which is, for example,
reported for SIV/AIDS studies in Indian and Chinese rhesus macaques (36, 37). The
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presence or absence of certain KIR genes, in combination with the MHC class | ligands,
have been associated with disease susceptibility in both humans (6) and macaques
(38, 39). A comprehensive overview of the KIR gene content and repertoire of different
natural macaque populations is, however, lacking, despite the potential refinement for
macaque models. Therefore, we set out to analyze the KIR transcriptomes of cohorts
of rhesus and cynomolgus macaques of different geographical origins, which probably
experienced varying selective pressures. Our observations illustrate in both highly
related macaque species and populations an unparalleled form of rapid evolution of
KIR genes that is propelled by point mutations and complex chromosomal
recombinations, which generate novel gene entities and result in highly variable
haplotype architectures.

Methods

Samples and origin

Forty-six rhesus macaques, comprising 7 families, and 70 cynomolgus macaques,
comprising 11 families, were selected from the self-sustaining colony housed at the
Biomedical Primate Research Centre. During the annual health checks, EDTA or heparin
whole blood samples were obtained, and PBMCs were isolated from the latter. PBMC
samples from 16 Chinese rhesus macaques, comprising 7 families, were obtained from
the BPRC Bio-bank.

The geographical origin of most rhesus macaques was known based on importation
records, such as the families from the Indian, Chinese, and Burmese populations.
Additional transcriptome data of Indian rhesus macaques was incorporated from a
previous KIR study conducted by our lab (10). The geographical origin of the cynomolgus
macaques was mainly deduced by phylogenetic comparison of mitochondrial 12S
rRNA gene segments (40). With regard to this data, we defined three cynomolgus
macaque populations, which originated from the mainland of Malaysia, from the
Indonesian and Malaysian islands, and from Mauritius. The mainland population was
further divided into populations north and south of the Isthmus of Kra. The origin of
three cynomolgus macaques (Ji0603077, 115028, J16019) could not be determined
unambiguously. In addition, previously reported KIR haplotypes of Mauritian
cynomolgus macaques were added to the analysis (33).

RNA isolation and KIR transcriptome amplification

Total RNA was extracted directly from EDTA whole blood samples or from + 15 x 10°
PBMCs with RNeasy Mini Kit (Qiagen, Valencia, CA) in accordance with the
manufacturer’s instructions. First-strand cDNA was synthesized with the RevertAid
First Strand cDNA Synthesis Kit (Invitrogen, Carlsbad, CA) using oligo(dT)18 primers.
Genomic DNA was extracted from EDTA whole blood samples by a standard salting-out
procedure, or from + 15 x 10° PBMCs with an AllPrep RNA/DNA Mini Kit (Qiagen)
according to the manufacturer’s instructions.
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Full-length KIR transcripts were obtained by amplification of total cDNA with a
KIR2DL0O4-specific and two KIR1ID/KIR3D-generic primer sets, in accordance with a
previously reported protocol (10). These primer sets were cross-reactive for the
different rhesus and cynomolgus macaque populations. PCR products were size-
selected by gel-electrophoresis (+ 1250 bp) and purified using a Genelet Gel extraction
kit (Invitrogen). The samples were pooled and purified twice using AMPure XP beads
(Beckman Coulter, Woerden, the Netherlands) at a 1:1 bead to DNA volume ratio. The
DNA concentration of purified pooled samples (>1 ug total DNA) was measured using
the Qubit dsDNA HS assay kit and Qubit 2.0 Fluorometer (Thermo Fisher Scientific).

PacBio SMRTbell libraries were generated according to Pacific Biosystems
“Procedure & Checklist - Amplicon Template Preparation and Sequencing”, and
sequencing was performed using a PacBio Sequel platform with a 10h movie time
using sequencing kit versions 2.0, 2.1, and 3.0, which was performed by the Leiden
Genome Technology Center.

PacBio data analysis

Circular consensus sequences were selected for high read quality (value of 0.99 or
higher), and demultiplexed based on unique barcoding.

Geneious Prime 2019 software was used to map the CCS reads to a database,
consisting of reported rhesus macaque and novel cynomolgus macaque KIR sequences,
to identify 100% matching reads (100% overlap, 0% mismatch, maximum ambiguity =
1). The unused reads of related animals were grouped, and were de novo assembled.
The consensus of each de novo contig was trimmed for the primer sequence, and
phylogenetically aligned with the rhesus and cynomolgus macaque database. De novo
sequences were confirmed when shown to segregate or when identified in two
separate PCRs, and were subsequently submitted to the European Nucleotide Archive
and assigned an accession number (https://www.ebi.ac.uk/ena/).

Macaque KIR nomenclature

The nomenclature of the KIR transcripts in rhesus and cynomolgus macaques follows
the general guidelines of the KIR nomenclature report for non-human primates (NHP)
(41). In brief, the name of the gene indicates the number of domains (1D, 2D, or 3D) and
the signaling function (S or L). The inclusion of a “W” implies a workshop gene, which
indicates a gene that is divergent on the basis of phylogenetic analysis but lacks sufficient
reliability due to low frequency or to the absence of genomic sequencing or family
studies. The inclusion of “Q” indicates that it is questionable whether the transcripts are
feasible. Two digits distinguish the different genes, and an asterisk followed by three
digits distinguishes alleles. Two additional digits indicate synonymous variation.

Novel cynomolgus macaque KIR sequences were compared with a database of 342
reported rhesus macaque sequences (10, 26, 29, 30) and newly identified transcripts
by phylogenetic analysis, using the Neighbor-Joining Tree building method (best tree
mode) in MacVector software (MacVector, Cambridge, U.K.). Phylogenetic clusters
were confirmed by the Maximum Likelihood Comparison and Neighbor-Joining Tree
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building methods in MEGA7 software, and all methods provided similar trees. Rhesus
and cynomolgus macaque KIR sequences that clustered together with a close
phylogenetic distance were considered orthologs, and received matching KIR gene
names. Clusters of Mafa-KIR sequences that diverged from the other sequences
according to sequence comparison and phylogenetic analysis received a workshop
number. In addition, workshop numbers were assigned to cynomolgus macaque KIR
genes that were thought to be the result of recombination events, as these are
considered novel entities. In contrast, recombinant KI/R genes in rhesus macaques are
named after an allele of the gene that contributes the largest gene segment, as is
described for this species in the NHP nomenclature report (41). The previously
reported 46 Mafa-KIR sequences (33), all of which originated from the Mauritian
cynomolgus macaque population, were also named.

Macaque KIR haplotype origin and gene frequencies

The origin of each KIR haplotype was categorized per macaque population. The
populational origin of the rhesus macaques determined the haplotype origin, as none
of the rhesus macaques had parents from different populations. The KIR haplotypes
defined in cynomolgus macaques that had their roots in the mainland of Malaysia
(north or south), or in the Malaysian/Indonesian islands, or in Mauritius were
categorized based on the defined origin. In cynomolgus macaques with mixed roots
(parents from the mainland and from islands), the origin of the KIR haplotypes
was determined by the sequencing of parental genomic DNA, the origin of which
was known, using a Mafa-KIR3DL20 exon 4-specific primer set (forward:
5’-GAAGAGACGGTCATCCTGCAGT-3'; reverse: 5'-ACTCCCCCTATGTGTTGTCAGC-3’) and
a Mafa-KIR1D exon 4-specific primer set (forward: 5’-GAAGAGACGGTCATCCTGCAGT-3’;
reverse: 5'-ACTCCCCCTATGTGTTGTCAGC-3’). Thermal cycling conditions were
denaturation at 98 C for 2 min, followed by 32 cycles of 98 C for 20s, 63 C for 25 s, and
72°C for 1 min. Amplicons of approximately 180 bp were size-selected by gel
electrophoresis and purified using a Genelet Gel extraction kit (Invitrogen). Sanger
sequencing was used, and the populational haplotype origin could be determined on
the basis of three single nucleotide polymorphisms.

The frequency of a KIR gene in rhesus and cynomolgus macaques, or in one of the
populations, was determined based on the presence of at least a single copy on a
haplotype, the origin of which was determined, rather than on the presence of the
gene in an individual.
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Results

Definition of rhesus and cynomolgus macaque populations and their KIR transcriptomes

The KIR transcriptomes of 62 rhesus and 70 cynomolgus macaques covering
different populations were subjected to analysis (Figure 1) (10). All macaque samples
belong to families that comprised two or more individuals, which allowed us to confirm
the segregation of alleles but also to define haplotypes (Figure 2 and 3). The origin of
the rhesus macaques was documented thoroughly, and included Burmese (n = 14),
Chinese (n = 16), and Indian (n = 32) origins (Figure 1). Based on the phylogeny of
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Figure 1. A schematic overview of the habitats of different rhesus and cynomolgus macaque populations.
Three rhesus macaque populations (Indian, Burmese, and Chinese) are indicated by different blue colors,
whereas four cynomolgus macaque populations (mainland: north and south of the Isthmus of Kra, Malaysian/
Indonesian islands, and Mauritius) are highlighted by red colors. The rhesus and cynomolgus macaque
habitats include a hybrid zone (illustrated in yellow), in which introgression between the two species occurs.
Mauritius is located approximately 4030 miles out of the South-east African coast, and is illustrated in a
separate box.
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mtDNA sequences (40), origins of the cynomolgus macaques were mapped to the
mainland of Southeast Asia (n = 26), the Malaysian/Indonesian islands (n = 4), or
Mauritius. The mainland population could be further divided into populations north (n
=23) and south (n = 3) of the Isthmus of Kra (Figure 1). For 19 cynomolgus macaques,
a mixed origin was documented, whereas for 21 animals only the origin of a single
parent could be determined. To expand our population panel, we included previously
reported KIR transcriptome data from 30 Indian rhesus macaques (10) and 30 Mauritian
cynomolgus macaques (33). Altogether, three rhesus and four cynomolgus macaque
populations were subjected to comparison for their KIR repertoire.

Allele discovery: abundant levels of species-specific allelic variation in macaques

Up to now, 342 distinct rhesus macaque KIR alleles that were mainly isolated from
Indian animals have been identified (10, 26, 29, 30). In the current cohort that
comprises 32 Indian rhesus macaques, again another 48 unreported KIR alleles were
discovered, indicating extensive allelic variation within this population. All Indian
rhesus macaque KIR alleles could be clustered into 22 different KIR genes (Table 1).
From the Burmese and Chinese cohorts, 73 and 117 novel KIR alleles were isolated,
respectively, which clustered to previously reported but also newly discovered KIR
gene entities (Table I). During the course of this study, 34 rhesus macaque KIR genes
were defined, which comprised 238 novel alleles, and 64 reported Mamu-KIR alleles
were confirmed (Supp. Figure 1). The emergence of one of the novel alleles was
observed in rhesus macaque R04104, which is expected to be homozygous for the KIR
region, as it ought to receive two copies of Mamu-KIR3DL0O5*006:01 via the H21-A
haplotype (Figure 2 and 3). However, one copy of the Mamu-KIR3DL0O5*006:01 allele
shows nonsynonymous mutations at two positions in the D1 domain (T>Cand G >T),
thereby generating a novel allele, designated Mamu-KIR3DLO5*032. This de novo
allele segregated with its corresponding haplotype (H21-B) into two offspring of
R04014, and its existence was further substantiated by independent Sanger sequencing
(Supp. Figure 2).

Most allelic variation is controlled by Mamu-KIR3DLO7, -KIR3DL20, and -KIR3DLO1,
and to a lesser extent by -KIR2DLO4. The Indian and Burmese populations share four
KIR alleles, whereas only a single allele was shared between the Indian and Chinese
(Mamu-KIR3DS06*016), the Burmese and Chinese populations (Mamu-
KIR3DLO5*007:01), and all three populations (Mamu-KIR3DL01*019:03) (Figure 4).

Knowledge of the KIR cluster in cynomolgus macaques is mainly confined to the
artificially introduced Mauritian population, and 49 alleles are documented (31, 33). In
the current cohort from different populations, we identified 267 novel alleles that
clustered into 55 distinct KIR genes (Table II, Supp. Figure 1). In addition, 10 of the 46
previously reported Mafa-KIR sequences identified in Mauritian cynomolgus macaques
were confirmed (31, 33). The highest level of allelic variation was observed for Mafa-
KIR3DL20 and -KIR1D, followed by -KIR2DL04, -KIR3DLO1, and -KIR3DLO7. The different
populations seem to have highly unique allelic KIR repertoires. A single allele was
shared between the northern mainland and the Indonesian/Malaysian populations
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Figure 2. Rhesus macaque pedigrees. Fourteen rhesus macaque families are depicted and categorized by
origin. Sires are indicated by blue squares, and dames by red ovals. For some offspring, the sex could not be
determined. In six Chinese families, PBMC samples could be obtained from only a single parent, whereas the
other parent is indicated with a question mark. Haplotype numbers are given for each animal and correspond

to Figure 5.
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Figure 3. Cynomolgus macaque pedigrees. Eleven cynomolgus macaque families are depicted. Sires are
indicated by blue squares, and dames by red ovals. Cynomolgus macaques from different populations are
mixed in the families. Haplotype numbers are given for each animal and correspond to Figure 6.

(Mafa-KIR3DLW23*001), and the southern mainland and Mauritian populations
(Mafa-KIR2DL04*002), whereas two alleles were in common between the Indonesian/
Malaysian islands and Mauritian populations (Mafa-KIR3DLW13*003, Mafa-
KIR3DLW26*001), and the southern mainland, the Indonesian/Malaysian islands, and
Mauritian populations (Mafa-KIR1D*030Q, Mafa-KIR3DL20*002) (Figure 4).
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Table 1. Overview of known and novel KIR alleles in rhesus macaques, indicated per KIR gene and E
population. Known alleles were mainly reported in the Indian population [10, 25, 28, 29].
Gene Known alleles Novel alleles Total
Indian Burmese Chinese Total novel
KIR1D 5 2 3 3 8 13
KIR2DLO4 36 0 3 10 13 49
KIR3DL20 30 10 8 15 33 63
KIR3DLO1 42 3 7 13 23 65
KIR3DLO2 15 0 2 4 6 21
KIR3DLWO3 9 1 3 13 17 26
KIR3DLO4 4 0 0 0 0 4
KIR3DLO5 28 3 3 5 11 39
KIR3DLO6 2 0 4 2 6 8
KIR3DLO7 34 11 11 17 39 73
KIR3DLO8 19 5 3 4 12 31
KIR3DL10 10 1 1 1 3 13
KIR3DL11 13 1 0 5 6 19
KIR3DLW12 0 0 0 2 2 2
KIR3DLW14 0 1 1 2 4 4
KIR3DLW17 0 0 1 2 3 3
KIR3DLW18 0 0 1 0 1 1
KIR3DLW25 0 0 1 0 1 1
KIR3DS01 8 1 0 1 2 10
KIR3DS02 21 2 8 4 14 35
KIR3DS03 5 1 0 0 1 6
KIR3DS04 11 1 2 2 5 16
KIR3DS05 10 0 1 0 1 11
KIR3DS06 14 2 1 4 7 21
KIR3DSWO07 4 0 0 1 1 5
KIR3DSW08 13 2 2 3 7 20
KIR3DSWO09 9 1 0 1 2 11
KIR3DSW10 0 0 1 0 1 1
KIR3DSW16 0 0 1 0 1 1
KIR3DSW18 0 0 1 0 1 1
KIR3DSW20 0 0 1 0 1 1
KIR3DSW21 0 0 2 2 4 4
KIR3DSW32 0 0 0 1 1 1
KIR3DSW34 0 0 1 0 1 1
Total 342 48 73 117 238 580

To sum up, 579 KIR alleles were identified in the rhesus and cynomolgus macaque
populations studied. Only two alleles were shared between both highly related species:
namely, Mamu-KIR3DLW12*002/Mafa-KIR3DLW12*006 and Mamu- and Mafa-
KIR3DLW18*001 (Figure 4). The low number of allele sharing between the macaque
species as well as the different populations suggests fast evolution. This is within
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Rhesus macaque KIR alleles Cynomolgus macaque KIR alleles

Chinese Mainland
South

Figure 4. KIR allele distribution in rhesus and cynomolgus macaque populations. The three rhesus macaque
populations are indicated in blue circles, and the four cynomolgus macaque populations are depicted in red
circles. The total number of uniquely identified KIR alleles is provided per population and the number of
shared KIR alleles is indicated for the involved populations.

lineages mainly mediated by point mutations, and contrasts the extensive sharing
documented for MHC class Il and, to a much lesser extent, for MHC class | alleles (42).

New KIR genes in macaques are generated by recombination

Considering a shared ancestor living 1-3 million years ago, one might expect highly
similar repertoires of orthologous KIR genes in rhesus and cynomolgus macaques, as is
observed for the closely related Bornean and Sumatran orangutan species (15).
Apparently, however, this is not the case in both macaque species, as their KIR gene
repertoires possess species-specific and a differential number of KIR gene moieties.
Moreover, the 34 rhesus and 55 cynomolgus macaque KIR genes that are defined by
sequence comparison and phylogenetic analysis indicate a greater expansion of the
KIR gene repertoire in macaques as compared to humans and other primate species,
for which 17 or fewer KIR genes were identified (41, 43, 44). The question to be
answered therefore is how are new KIR genes generated. One mechanism that might
explain the expanded macaque KIR gene repertoire is the occurrence of abundant
recombination events, which result in the formation of hybrid genes composed of
segments from two different KIR genes (Tables Ill and IV). Along with others, we found
evidence of similar events in humans (10, 45), although this mechanism seems to
happen more frequently in macaques. In rhesus macaques, hybrid KIR genes are
named after the allele that contribute the largest segment (41). For example, multiple
entities have a large Mamu-KIR3DLO7 segment, which is found in conjunction with a
smaller segment of -KIR3DLO5, -KIR3DLO8, or -KIR3DSWOS8, but all are named and
listed as alleles of Mamu-KIR3DLO7 (Table Ill). Another peculiar recombination event
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Table Il. Overview of known and novel KIR alleles in cynomolgus macaques, indicated per KIR gene.

Known Novel Known Novel

Gene alleles alleles Total Gene alleles alleles Total
KIR1D 4 30 34 3DS04 0 1 1
KIR2DLO4 3 38 41 3DS06 0 3 3
3DL20 1 33 34 3DSwWo7 0 3 3
3DL01 2 14 16 3DSW08 0 3 3
3DLWO3 0 4 4 3DSW10 1 3 4
3DL05 0 5 5 3DSW11 0 4 4
3DL06 0 1 1 3DSW12 1 9 10
3DLO7 3 15 18 3DSW13 2 0 2
3DL11 2 16 18 3DSW14 0 2 2
3DLW12 3 11 14 3DSW15 0 9 9
3DLW13 3 6 9 3DSW16 0 3 3
3DLW14 2 6 8 3DSW17 3 1 4
3DLW15 1 3 4 3DSW18 0 2 2
3DLW16 2 2 4 3DSW19 0 2 2
3DLW17 0 3 3 3DSW20 1 3 4
3DLW18 0 1 1 3DSW21 2 5 7
3DLW19 1 1 2 3DSW22 1 2 3
3DLW21 0 1 1 3DSW23 0 1 1
3DLW22 0 1 1 3DSW24 2 3 5
3DLW23 0 1 1 3DSW25 1 0 1
3DLW24 1 0 1 3DSW26 0 1 1
3DLW25 2 2 4 3DSW27 1 1 2
3DLW26 1 0 1 3DSW28 1 0 1
3DLW27 0 1 1 3DSW29 1 1 2
3DLW28 1 0 1 3DSW30 0 3 3
3DLW?29 0 1 1 3DSW31 0 2 2
3DLW30 0 1 1 3DSW33 0 1 1
3DS02 0 2 2 Total 49 267 316

resulted in Mamu-KIR3DS04*011, the extracellular domains (exons 1-5) of which
originate from -KIR3DS04, whereas the cytoplasmic tail is similar to exons 6-9 of
-KIR3DLO7. The name is therefore somewhat confusing as this gene is listed as an allele
of Mamu-KIR3DS04, although it encodes an inhibitory cytoplasmic tail. In rhesus
macaques, at least 19 hybrid KIR genes were generated by recombination events
(Table III). It would seem that for some of these hybrids the nomenclature is in need of
attention (46). From a more general and functional perspective, hybrid gene entities
could encode novel genes with potentially distinct functional features, due to
differential combinations of ligand binding domains and signal transduction elements.

In cynomolgus macaques, at least seven hybrid KIR genes were detected (Tables Il
and IV). For example, the first 6 exons of Mafa-KIR3DSW21 are highly similar (98-99%)
to those of -KIR3DLO7, whereas the transmembrane region and cytoplasmic tail of
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Table Ill. Novel gene entities that are generated by chromosomal recombination events in rhesus
macaques. The gene donors and corresponding donated segments are indicated. For some novel entities,
only a single donor could be identified. The novel entities are named as an allele of the gene that contributed
the largest segment.

Gene segment 1 Gene segment 2
Novel entity (allele name) Gene donor 1 Segment Gene donor 2 Segment
Mamu-KIR3DLO1*054 Mamu-KIR3DLO5 Exons 1-3  Mamu-KIR3DLO1 Exons 4-9
Mamu-KIR3DL0O2*005, *011 Mamu-KIR3DLO2 Exons 1-6 Mamu-KIR3DLO1 Exons 7-9
Mamu-KIR3DLO2*006, *010 Mamu-KIR3DLO2 Exons 1-7 Mamu-KIR3DLO1 Exons 8- 9
Mamu-KIR3DLO2*016 Mamu-KIR3DL10 Exons 1-4 Mamu-KIR3DLO2 Exons 5-9
Mamu-KIR3DLWO03*023 Unknown donor Exons 1-3  Mamu-KIR3DLWO3 Exons 4-9
Mamu-KIR3DLO5*029, *030, *033 Mamu-KIR3DLO5 Exons 1-7 Unknown donor Exons 8-9
Mamu-KIR3DLO7*042 Mamu-KIR3DLO7 Exons 1-5 Mamu-KIR3DLO8 Exons 6-9
Mamu-KIR3DLO7*045 Mamu-KIR3DLO5 Exons 1-3  Mamu-KIR3DLO7 Exons 4-9
Mamu-KIR3DLO7*056 Mamu-KIR3DSWO08 Exons 1-3  Mamu-KIR3DLO7 Exons 4-9
Mamu-KIR3DLO7*064 Mamu-KIR3DLO5 Exons 1-4  Mamu-KIR3DLO7 Exons 5-9
Mamu-KIR3DLO7*065 Unknown donor Exons 1-3  Mamu-KIR3DLO7 Exons 4-9
Mamu-KIR3DLO8*018, *019, *020 Mamu-KIR3DLO2 Exons 1-3  Mamu-KIR3DLO8 Exons 4-9
Mamu-KIR3DLO8*021 Mamu-KIR3DLO1 Exons 1-4  Mamu-KIR3DLO8 Exons 5-9
Mamu-KIR3DL20*030 Mamu-KIR3DL20 Exons 1-7 Mamu-KIR2DL0O4 Exons 8-9
Mamu-KIR3DL20*044 Mamu-KIR3DL20 Exons 1-7 Mamu-KIR1D Exons 8-9
Mamu-KIR3DS02*012, *029 Mamu-KIR3DS02 Exons 1-4 Mamu-KIR3DSW09 Exons 5-9
Mamu-KIR3DS04*011 Mamu-KIR3DS04 Exons 1-5 Mamu-KIR3DLO7 Exons 6-9
Mamu-KIR3DS06*019 Mamu-KIR3DSWO07  Exons 1-3  Mamu-KIR3DS06 Exons 4-9
Mamu-KIR3DSW09*005, *011 Mamu-KIR3DSWO08 Exons 1-3  Unknown donor Exons 4-9

-KIR3DSW?21 is identical to -KIR3DSW12. This suggests that Mafa-KIR3DSW21 may
interact with similar ligands as -KIR3DL07, but that it transduces activating instead of
inhibitory signals. Seven Mafa-KIR3DSW?21 alleles are identified (Table 1), suggesting
positive selection for variation on the gene products generated by this recombination
event.

The origin of both segments could not be identified for all hybrid KIR genes. Mamu-
KIR3DLO5*029/*030/*033, Mafa-KIR3DLW24, Mafa-KIR3DLW29, Mafa-KIR3DSW18,
and Mafa-KIR3DSW20 seem to have segments of Mamu-KIR3DL0O5, Mafa-KIR3DLW12,
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Table IV. Novel gene entities that are generated by chromosomal recombination events in cynomolgus
macaques. The gene donors and corresponding donated segments are indicated. For some novel entities,
only a single donor could be identified. The novel entities received a gene workshop number.

Gene segment 1 Gene segment 2
Novel entity (gene name) Gene donor 1 Segment  Gene donor 2 Segment
Mafa-KIR3DLW24 Unknown donor Exons 1-3  Mafa-KIR3DLW12 Exons 4-9
Mafa-KIR3DLW26 Mafa-KIR3DSW15 Exons 1-3  Mafa-KIR3DLW27*001 Exons 4-9
Mafa-KIR3DLW27 Mafa-KIR3DSW22*001  Exons 1-4  Mafa-KIR3DLW26*001 Exons 5-9
Mafa-KIR3DLW29 Unknown donor Exons 1-4  Mafa-KIR3DLW13 Exons 5- 9
Mafa-KIR3DSW18 Mafa-KIR3DSW17 Exons 1-4  Unknown donor Exons 5-9
Mafa-KIR3DSW20 Mafa-KIR3DSW19 Exons 1-4  Unknown donor Exons 5-9
Mafa-KIR3DSW21 Mafa-KIR3DLO7 Exons 1-6  Mafa-KIR3DSW12 Exons 7-9

Mafa-KIR3DLW13, Mafa-KIR3DSW17, and Mafa-KIR3DSW19, respectively, but it was
not possible to trace the donor of the other segment (Tables Il and IV). This indicates
that when more sequences become available, additional hybrid KIR gene entities and
segments are likely to be defined in macaques.

Within the macaque KIR repertoire studied, 24 macaque KIR genes are highly
similar, and are considered to be orthologs. These genes most likely represent a single
locus in both species, although it is too early to elucidate their exact physical location,
as the relevant genomic studies are in progress. One would expect that the number of
24 orthologs shared between two closely related macaque species reflects common
ancestry, whereas the relatively high number of species-specific KIR genes indicates
the rapid generation of novel gene entities, which can, in part, be explained by
abundant recombination.

Definition of macaque KIR haplotypes

The family-based study design resulted in the thorough characterization of 49
rhesus and 43 cynomolgus macaque KIR haplotypes (Figures 5 and 6), which are
categorized on the basis of geographical origin of the analysed animals (Figure 1). The
rhesus macaque KIR haplotypes are referred to as Rh-H13 to Rh-H60, consecutively to
the 12 previously reported haplotypes (Figure 5) (10). Cynomolgus macaque KIR
haplotypes are referred to as Cy-H1 to Cy-H43, whereas the previously reported
Mauritian chromosomal KIR configurations are listed as K1 to K8 (Figure 6) (33). All
these haplotypes display extensive copy number variation. The rhesus macaque
haplotypes encoded 4 to 17 KIR transcripts, whereas the cynomolgus macaque
equivalents encoded 3 to 13 KIR transcripts. KIR3DL20 was identified on most macaque
haplotypes, except for haplotype Cy-H39, and seems to be absent on the haplotypes of
the Mauritian animals. However, we assume that K/IR3DL20 should be considered a
framework gene in macaques, and that a few transcripts were missed due to primer
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inconsistencies. For the Mauritian cynomolgus macaque, this assumption is confirmed
by haplotype Cy-H9, which is identical to K3, defined by another research team, except
for the presence of Mafa-KIR3DL20*002. Haplotype Cy-H9/K3 is identified in three
populations, and may indicate an ancestral origin. KIR2DL04 is observed on 70% and
94% of the rhesus and cynomolgus macaque KIR haplotypes, respectively, and
represent the only reported macaque KIR gene that shares an apparent ortholog with
humans. In humans, this gene is considered a framework gene, and there is support
that this might also be the case for its cynomolgus macaque ortholog (47).

Recombination influences haplotype architecture and drives copy number variation

Chromosomal recombinations such as unequal crossing over, gene fusion and gene
duplications can expand or contract a KIR haplotype, thereby affecting the genetic
content. Two or more apparent allelic copies of a given KIR gene were identified on 23
of the 49 rhesus and 11 of the 43 cynomolgus macaque KIR haplotypes. It is likely that
such genes were once orthologs, but owing to complex recombination events they
might end up as paralogs. These duplications involved mainly lineage Il inhibitory KIR
genes, such as KIR3DLO1, KIR3DLO7, and KIR3DL11, but also Mamu-KIR3DL20 (Rh-
H27), Mafa-KIR1D (Cy-H11), and Mafa-KIR3DSW12 (Cy-H1). In total, 15 different KIR
genes are duplicated on the listed haplotypes, 11 of which are considered orthologs.
This suggests that ancestral genes are more often subject to duplication as compared
to more recently generated species-specific KIR genes. The most extensive copy
number variation is witnessed for Mamu-KIR3DLO1 on haplotype Rh-H26 (Figure 5), on
which four allelic copies exist.

Hybrid KIR genes (Tables lll and IV) are associated with chromosomal recombination
events, and might mark expanded and contracted KIR haplotypes. For example, two
hybrid Mamu-KIR3DL20 genes, composed of exons encoding the extracellular domains
of Mamu-KIR3DL20 (exons 1-7), and the cytoplasmic tail of Mamu-KIR1D (Rh-H38) or
Mamu-KIR2DL0O4 (Rh-H14, -H18), seem to coincide with a centromeric haplotype
contraction. Also, haplotype Rh-H27 carries an example of a gene that consists of the
first four exons of Mamu-KIR3DLO1 and the last five exons of Mamu-KIR3DLOS (Table llI,
Figure 5). The formation of this gene probably resulted in another contracted
haplotype, as only four KIR genes are present at the telomeric end. In the cynomolgus
macaque, haplotypes Cy-H6 and-H21 seem to be expanded, marked by the presence
of the recombinant genes Mafa-KIR3DLWZ27 and Mafa-KIR3DSW20, whereas the
relatively short haplotype Cy-H38 contains another hybrid gene Mafa-KIR3DSW21, the
emergence of which might have resulted in a contraction (Table IV, Figure 6).

This in-frame fusion mechanism occurs rather frequently, as 21 rhesus macaque
and 21 cynomolgus macaque haplotypes contain a recombinant gene (Figure 5 and 6),
although not each hybrid gene seems to mark contraction or expansion. Thus, the KIR
gene cluster in both macaque species seems to be subjected to frequent gene
duplications and chromosomal recombination events, which not only generate novel
gene entities but also result in a differential KIR haplotype architecture.

90



Unparalleled rapid evolution of KIR genes in macaque species

KIR gene frequencies differ between species

The occurrence of at least 24 orthologs in both macaque species is most likely due
to the sharing of a common ancestor, but introgression between the two species may
also have an impact. The frequency of these orthologs, however, differs considerably
between both macaque species (Figure 7). The orthologous genes that are encountered
more frequently on rhesus than on cynomolgus macaque haplotypes are KIR3DLO1,
KIR3DLWO3, KIR3DLO5, KIR3DLO6, KIR3DLO7, KIR3DS02, KIR3DS06, and KIR3DSWO0S. It
is noted that for these genes the allelic variation is higher in rhesus macaques than in
cynomolgus macaques (Tables I and II).

Other orthologs are more often present in cynomolgus macaques, such as KIR3DL11,
KIR3DLW12, KIR3DLW14, KIR3DLW25, KIR3DSW10, KIR3DSW20, and KIR3DSW?21, that,
with the exception of KIR3DL11, display greater allelic variation compared to rhesus
macaques (Tables I and Il). An exceptional example is formed by Mafa-KIR1D, which is
present on 82% of the haplotypes in cynomolgus monkeys but only on 22% of the
haplotypes in rhesus macaques. Moreover, the allelic variation of Mafa-KIR1D exceeds
that of Mamu-KIR1D, despite the difference in the number of animals studied per
species (Tables I and Il). These differences may indicate that KIR1D in cynomolgus
macaques executes a more essential role.

On average, one more inhibitory KIR gene was present on haplotypes of rhesus
macaques, whereas an additional activating KIR was encoded on cynomolgus macaque
haplotypes. The differential gene and allele frequencies are indicators for species-
specific selection, and might involve different infectious pathogen encounters due to
varying habitats.

100 M Rhesus macaques

90 Cynomolgus macaques

80
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Figure 7. Gene frequencies of orthologous KIR genes in rhesus and cynomolgus macaques. The gene
frequencies are given for orthologous K/R genes in rhesus (blue bars) and cynomolgus (orange bars) macaques.

91




Chapter 3 | Unparalleled rapid evolution of KIR genes in macaque species

Differential KIR gene content and frequency in populations

The populations of rhesus and cynomolgus macaques (Figure 1) parade differences
in KIR gene content and gene frequency. Rhesus macaques from the Burmese
population encoded, on average, one and two additional KIR3DL and KIR3DS receptors,
respectively, as compared to the haplotypes that stem from the Indian and Chinese
populations. Approximately 70% of the haplotypes contained at least one Mamu-
KIR3DLO1 and/or Mamu-KIR3DLO7 copy, regardless of the origin, whereas multiple
other KIR genes were differently distributed over the rhesus macaque populations
(Figure 8). For example, Mamu-KIR1D is located on 56% of the haplotypes from
Burmese animals, whereas it is present on only 16% and 14% of the Indian and Chinese
rhesus macaque KIR haplotypes, respectively. Eleven KIR genes were identified in a
single rhesus macaque population, including newly defined activating KIR3DS genes
that were only encountered in the Burmese cohort studied.

In cynomolgus macaques, animals that originate from the mainland populations
seem to have, on average, one additional inhibitory KIR receptor (KIR3DL) per haplotype
as compared to the subjects that inhabit the Indonesian/Malaysian islands. Differential
gene distribution trends are observed for several KIR genes (Figure 9). For example,
Mafa-KIR3DLO1 and -KIR3DLW12, which were more frequently identified in the
northern mainland population, and -KIR3DLW19, -KIR3DLW?21, -KIR3DLW?28, and
-KIR3DSW13, which were found present only in the Mauritian population. Activating
KIR genes with orthologs in Indian rhesus macaques were mainly identified in the
northern mainland population, including KIR3DS02 and KIR3DSWO7, whereas the
other cynomolgus macaque populations have species-specific activating KIR genes.

Genes that were identified in either three rhesus or four cynomolgus macaque
populations mainly encode inhibitory receptors (Figures 8 and 9). The activating receptor
are more often observed in two or one populations (Figures 8 and 9). Overall, the
observed variable gene content and gene frequency in the different macaque populations
support evidence pointing to rapid evolution of the KIR genes at the population level.

Figure 8. Gene distributions between the different rhesus macaque populations. Gene frequencies are
listed for rhesus macaque KIR genes that were identified in the Indian (blue bars), Burmese (orange bars), and
Chinese (purple bars) populations. The genes are listed from the most frequent genes in all populations to the
least frequent species-specific genes. The background color indicates Mamu-KIR3DL20 (yellow), -KIR2DL04
(green), -KIR1D (light blue), and the inhibitory (blue) and activating (red) lineage Il KIR genes. The frequencies
are based on the presence on a haplotype of known origin rather than the presence in an individual.
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Discussion

An essential step in the evolution of the primate KIR cluster started with the initial
expansion of a lineage Il KIR gene progenitor. Subsequently, other KIR lineages seem to
have emerged through deletion and recombination events. In macaques, lineage Il KIR
genes (KIR3D) were subjected to substantial expansion (10, 17, 32), which coincides
with an extended MHC class | gene repertoire (16, 24). The present study involves the
comparative analysis of rhesus and cynomolgus macaque populations from distinct
geographic areas. The KIR gene repertoires were found to reflect rapid evolution. Our
data illustrate that not only within these closely related species, but even within their
populations, new KIR gene entities are generated by complex recombination processes
resulting in the formation of hybrid genes. In addition, a high level of allelic
polymorphism was encountered in both macaque species, but the sharing of alleles
was virtually absent. Moreover, recombination resulted in marked differences in the
KIR haplotype architecture of both species, again testifying the rapid evolution of the
macaque KIR genes, which has not been described in other non-human primate
species.

In humans, the KIR gene cluster mainly diversifies at the allelic level, whereas gene
expansion is modest and mainly confined to lineage Il genes (43). Two major haplotype
configurations are recognized, for which a trade-off has been suggested based on
differential haplotype frequencies in human populations (47). The A haplotype
configurations standardly express seven receptors and have an inhibitory profile,
whereas the B haplotypes show moderate gene content variability including multiple
activating KIR genes (7 to 13 KIR genes) (Figure 10) (44). Chimpanzees (Pan troglodytes)
and humans diverged from a common ancestor about 5 million years ago, and,
although the complexity of the KIR clusters is to some extent comparable, species-
specific diversification is observed in receptor structure, haplotype architecture, MHC
class | recognition potential, and gene content (48). The chimpanzee KIR region mainly
comprises inhibitory genes, and resemble human A haplotypes. Several chimpanzee
KIR genes are actually recombinant genes (48). The repertoire, however, is limited to
13 KIR genes, four of which are orthologous framework genes that are shared with
humans (Figure 10) (41, 48). Although little is known about the allelic variation in
chimpanzees, the limited KIR gene repertoire might suggest that the ancient selective
sweep, which targeted the ancestral chimpanzee MHC class | region and was likely
caused by a retroviral infection (49, 50), may also have had an indirect impact on its
ligands within the KIR gene region. Bonobos (Pan paniscus) and chimpanzees shared a
common ancestor approximately 2.3 million years ago. In this species, only 7 KIR genes

Figure 9. Gene distributions between the different cynomolgus macaque populations. Frequencies are
provided for KIR genes identified in cynomolgus macaque populations: mainland, north (blue bars) or south
(orange bars) of the Isthmus of Kra, the Malaysian/Indonesian islands (purple bars), or Mauritius (red bars).
The background color indicates Mamu-KIR3DL20 (yellow), -KIR2DL04 (green), -KIR1D (light blue), and the
inhibitory (blue) and activating (red) lineage Il KIR genes. The frequencies are based on the presence of a gene
on haplotype of known origin rather than on the presence in an individual.
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are reported, 5 and 3 genes of which are orthologs, shared with common chimpanzees
and humans, respectively (51). The short bonobo KIR haplotypes, the limited KIR gene
repertoire, and the reduced bonobo MHC class | content (52-55) may result from
subsequent selective sweeps (56). The expansion of lineage Ill KIR genes, which in
macaques are represented by KIRID, correlates with the emergence of HLA-C-like
genes in orangutans (57-59). In orangutans, 13 KIR genes are identified, of which the
framework genes share orthologs with humans (15, 41, 57, 58). Two sibling orangutan
species inhabit Sumatra (Pongo abelii) and Borneo (Pongo pygmaeus) (60). Only one
gene is species-specific (KIR2DS15 in Bornean orangutans), whereas all other genes are
orthologs. Ten of the 130 KIR alleles that were identified are shared between both
sister species. For the human and great ape species discussed above, rapid evolution is
mainly reflected by the gain in allelic variation, whereas the generation of novel gene
entities and the formation of complex haplotype architectures seem to be relatively
limited (Figure 10).

The present communication sheds light on the evolution of the KIR region in two
highly related Old World monkey species, which share an introgression zone. In rhesus
and cynomolgus macaques, the massive expansion of the lineage Il KIR genes exceeds
the modest lineage Il expansion in great apes and humans. The rapid evolution of the
macaque KIR region is reflected not only by allelic polymorphism but even more
prominently by the large number of species-specific recombinant genes and haplotypes
with a complex architecture in different macaque populations. In humans and other
hominids, these events seem to be less abundant. Moreover, the allelic variation in
macaqgues seems to exceed the numbers that are encountered in humans and higher
primates. We recorded a total number of 579 KIR alleles, and it is important to realize
that the number of samples that were analyzed is relatively small as compared to the
human situation (43). The reason for the extensive expansion of the KIR gene cluster in
macaques is of interest. Whereas in humans the less variable KIR gene content and
haplotype configurations seem to be the result of a trade-off, such an indication
appears to be absent in macaques. The most plausible driving forces of the rapid KIR
cluster evolution in macaques might involve co-evolution with the extended MHC class
| region, differential infectious pathogen encounters, a discontinuous habitat, and
susceptibility to chromosomal recombination. Nonetheless, we cannot rule out that
the extensive expansion of the macaque KIR gene system may have evolved due to the
lack of evolutionary pressure on this system. The ligand of only a few receptors have
been identified, and therefore the functional impact of the expanded macaque KIR
repertoire remains largely unclear. However, diversification of ligand interactions is
suggested by overlapping, but non-redundant, MHC class | specificity of multiple KIR
(61-66). The extensive diversity of the macaque MHC and KIR clusters might facilitate
interactions with allele-level specificity, differential affinity, and peptide dependency,
and may contribute to rapid adaption driven by environmental conditions.

The general high levels of allelic polymorphism detected in the KIR region in
primates might indicate that it is more prone to generate mutations than other regions
of the genome. Mutation rates are elevated in CpG islands, which are genomic regions
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that are enriched for CpG sites with an observed-to-expected ratio greater than 60
percent. All KIR genes indeed carry CpG islands (67). CpG site mutations, however,
mainly involve cytosine to thymine transitions, whereas mutations in the generation of
the novel Mamu-KIR3DLO5 allele involved T > C and G > T transitions, which are not
commonly observed transition events. The two point mutations are separated by only
two nucleotides, which suggests that one mutation initiated the other, and perhaps
was caused by the recruitment of error-prone repair mechanisms (68). In addition to
CpG islands and error-prone repair, other factors that might enhance the regional
mutation rate may include recombination events, deletion and insertion events,
chromatin configurations, distance to the telomere, and replication time (69, 70).
Furthermore, relatively more single nucleotide polymorphisms were observed in
regions that were homologous in humans, chimpanzees, and macaques, which
substantiates the extensive variation of the KIR gene region (69). The birth of novel KIR
alleles has been described previously in human families (71), and, together with the
event recorded in macaques, this might suggest that point mutations substantially
contribute to the extensive allelic KIR variation. Of course, it is clear that the generation
of mutations is only one side of the coin, and that selection determines which
polymorphisms will be enriched in the populations or are eventually rooted out.

In humans, genetic KIR variation is documented for over 250 populations and mainly
records allelic variation and differential haplotype distribution in relation to gene
frequencies (47, 72). Similar observations were made for the different macaque
populations. Genes that are shared in all three rhesus or four cynomolgus macaque
populations mainly involved inhibitory KIR genes (Figures 8 and 9). The conserved
nature of these genes suggests an impact on essential functions, such as NK cell
education, a process for which the involvement of inhibitory KIR is well established in
humans (73-75). Therole of activating KIR in humans is less understood, but associations
with disease progression or protection are described, and in vitro studies demonstrate
specific binding to certain peptide-MHC class | complexes (76-81). In macaques,
activating KIR genes were mainly identified in one or two populations and may
substantiate more specialized functions, like pathogen recognition (Figures 8 and 9).
For instance, Mamu-KIR3DSW18 is encountered only in Burmese rhesus macaques,
and a similar observation was made for Mafa-KIR3DSWO08 in the northern-mainland
cynomolgus macaques. In addition, the majority of the KIR alleles appear not to be
shared at the population level (Figure 4). Again, this hints at a speedy generation of
allelic polymorphism. For the Indian rhesus macaque population, a genetic bottleneck
is evident (82), but it did not result in a reduced KIR gene content, which might indicate
that the rapid evolution of the KIR repertoire erased the genetic footprint of a
bottleneck.

Rhesus and cynomolgus macaques are widely used as preclinical models in
translational biomedical research in order to further a better understanding of human
diseases and the development of vaccines and therapies (34, 35). The genetic makeup
of the different macaque species, however, can vary considerably and might potentially
influence the outcome of studies. Even at the population level, a differential disease
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susceptibility has been reported: for example, in SIV/AIDS-related experiments in
rhesus macaques of Indian and Chinese origin (36, 37, 83). It is possible that the KIR
repertoire may be one of the factors that have an impact on disease outcome, as
correlations between KIR gene content and disease phenotypes in humans (6) and
macaques are documented (38, 39).

This study design, including rhesus and cynomolgus macaque families from different
geographical origin, allowed the transcriptomic characterization of the complex KIR
cluster. The high level of allelic polymorphism, the number of novel gene entities, the
plastic haplotype architecture, and the diversification at the species and population
levels illustrate the unparalleled rapid evolution of the KIR gene region in macaques.
This communication paves the way to study the impact of KIR genes in nonhuman
primate models for human health and disease, but also may help in selecting animals
with particular genetic markers for studies in the area of personalized medicine.
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Abstract

The killer-cell Ig-like receptors (KIR) form a multigene entity involved in modulating
immune responses through interactions with MHC class | molecules. The complexity of
the KIR cluster is reflected by, for instance, abundant levels of allelic polymorphism,
gene copy number variation, and stochastic expression profiles. The current
transcriptome study involving human and macaque families demonstrates that KIR
family members are also subjected to differential levels of alternative splicing, and this
seems to be gene dependent. Alternative splicing may result in the partial or complete
skipping of exons, or the partial inclusion of introns, as documented at the transcription
level. This post-transcriptional process can generate multiple isoforms from a single KIR
gene, which diversifies the characteristics of the encoded proteins. For example,
alternative splicing could modify ligand interactions, cellular localization, signaling
properties, and the number of extracellular domains of the receptor. In humans, we
observed abundant splicing for KIR2DL4, and to a lesser extent in the lineage Ill KIR
genes. All experimentally documented splice events are substantiated by in silico
splicing strength predictions. To a similar extent, alternative splicing is observed in
rhesus macaques, a species that shares a close evolutionary relationship with humans.
Splicing profiles of Mamu-KIR1D and Mamu-KIR2DLO4 displayed a great diversity,
whereas Mamu-KIR3DL20 (lineage V) is consistently spliced to generate a homolog of
human KIR2DL5 (lineage ). The latter case represents an example of convergent
evolution. Although just a single KIR splice event is shared between humans and
macaques, the splicing mechanisms are similar, and the predicted consequences are
comparable. In conclusion, alternative splicing adds an additional layer of complexity
to the KIR gene system in primates, and results in a wide structural and functional
variety of KIR receptors and its isoforms, which may play a role in health and disease.

Introduction

Natural killer (NK) cells express killer-cell immunoglobulin-like receptors (KIR) that
interact with major histocompatibility complex (MHC) class | molecules expressed on
the cell surface of nucleated cells. Through these interactions, KIR may modulate the
NK-cell activity, thereby providing regulation of the immune system in infectious
diseases, pregnancy, and transplantation (1-4). KIR belong to a multigene family, which
in humans comprises seventeen members that are categorized into four lineages
based on structure and ligand interactions; lineage | includes KIR2DL4/5, lineage I
includes KIR3DL1/L2/51, lineage lll includes KIR2DL1-3/2DS1-5 and the pseudogenes,
and lineage V includes KIR3DL3. The KIR gene cluster is a complex entity, as is reflected
by allelic polymorphism (5), gene copy number variation resulting in different
haplotypic configurations (6), variegated expression (7, 8), and complex chromosomal
recombination events (9-11).
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The KIR genes are tandemly arranged on chromosome 19g13.4, each spanning
10,000-15,000 base pairs (bp), and are separated by ~1,000 bp (12). The receptors are
encoded by up to nine exons, of which the first two exons encode the leader peptide,
followed by exons encoding two or three extracellular Ig-like domains (2D or 3D; exons
3-5), a stem structure (exon 6), a transmembrane region (exon 7), and a cytoplasmic
tail (exons 8-9) (13, 14). A long cytoplasmic tail (L) contains two immunoreceptor
tyrosine-based inhibitory motifs (ITIM) and characterizes inhibitory KIR. Activating KIR
featureashortcytoplasmictail (S)and a positively charged residue inthe transmembrane
region, which interacts with molecules that contain the immunoreceptor tyrosine-
based activation motif (ITAM).

In the past, numerous KIR characterization studies were mainly performed at the
genomic DNA (gDNA) level, thereby lacking information about transcription and post-
transcriptional modifications (PTM) of the transcripts. Recently, next-generation
sequencing (NGS) has improved and speeded up characterization of the KIR gene
cluster, resulting in the identification of novel alleles, recombinant genes, and
haplotypes (9-11, 15-17). In addition, NGS also enables the characterization of
transcripts that are subjected to alternative splicing. The alternative splicing of
transcripts is a prevalent form of PTM, which is observed for approximately 95% of the
human multi-exon genes, and it plays a crucial role in the regulation of protein diversity
and tissue-specific gene expression (18, 19). Normally, precursor messenger RNA (pre-
mRNA) is converted to mRNA by constitutive splicing, which involves the removal of
introns and the ligation of exons by the spliceosome, which is a complex of five small
nuclear RNAs (U1, U2, U4, U5, and U6), and multiple associated core proteins (20-22).
To correctly identify the splice sites, a precise interplay of conserved sequence
elements present on pre-mRNA (cis-acting), along with spliceosome factors, (trans-
acting) is required. Deviation from constitutive splicing, caused by variation and
mutations in the pre-mRNA sequence and/or an imbalance in the trans-acting splice
factors, can result in alternative splicing. This process can be either beneficial, as a
wide variety of isoforms can originate from a single gene, or detrimental, as different
isoforms can be involved in the development of various diseases, such as spinal
muscular atrophy and different forms of cancer (23-25). Despite its clinical relevance,
at present the splicing pattern of only a few multi-exon genes has been described
thoroughly (26, 27).

Three groups reported alternatively spliced KIR transcripts that lacked complete
exons (28-32). For example, KIR2DL4 transcripts may lack exon 3 (DO domain),
suggesting the existence of a protein structure with only the D2 extracellular domain
(30). Likewise, KIR2DL5 splice variants with deletions of exon 5, exons 3 and 5, and
exon 7 have been reported; these might encode protein structures lacking the
extracellular D2 domain, both the DO and D2 domains, and the transmembrane region,
respectively (31). The latter suggests the existence of a soluble KIR2DLS isoform. In
addition, deletions of only fragments of the Ig-like domains have been described.
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Over the past few years, the KIR gene family has also been characterized in non-
human primate species, which provide insights into the evolution of this section of the
immune system, and eventually may help to optimize and refine animal models (9,
33-37). Rhesus macaques (Macaca mulatta, Mamu), for example, share a close
evolutionary relationship with humans, as is reflected by similar immune responses
and pathologies in many models for infectious and autoimmune diseases (38-40).
Although there are certain subtle differences such as different receptor lineage
expansion (lineage Il and Il in macaques and humans, respectively), and the absence
of a haplotype A and B organization in macaques, the KIR cluster in macaques is highly
similar to that observed in humans (9, 41). Within the rhesus macaque KIR family,
twenty-two genes are identified, including receptors with a single extracellular domain
(Mamu-KIR1D), a homolog of human KIR2DL4, and multiple KIR3D gene structures (33,
42). Rhesus macaque KIR haplotypes can contain four to fourteen genes, illustrating
the extensive copy number variation (9, 33). As observed in humans, the macaque KIR
clusterisalso characterized by allelic variation, variegated expression, and chromosomal
recombination.

Alternatively spliced KIR transcripts with deletions of complete or partial domain-
encoding exons are described for a few Mamu-KIR3D genes, identified by Sanger
sequencing (36, 42, 43). For example, the Mamu-KIR3DL20 gene, which shows
sequence similarity with human lineages | and V KIR, is hypothesized to consistently
generate Mamu-KIR2DLO5 transcripts by the skipping of exon 4 (33, 42, 44, 45).

Although a few KIR splice variants were already reported in different primate
species, the current literature lacks a comprehensive overview of the modifications of
KIR genes generated by alternative splicing, as well as an indication of its possible
functional consequences. By using a Single-Molecule, Real-Time (SMRT) sequencing
approach on the Pacific Bioscience’s (PacBio) Sequel platform, we were able to
thoroughly characterize the alternative splicing of KIR gene transcripts in both human
and rhesus macaque families. The chosen high-resolution method provides insights
into the segregation of alternatively spliced KIR transcripts and the potential splicing
mechanisms. The data illustrated that alternative splicing adds another layer of
complexity to the KIR family in both humans and rhesus macaques. Moreover, the
alternatively spliced KIR gene isoforms might encode receptors having a modified
structure, function, and/or expression profile, which consequently might play a custom
role in health and disease.
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Materials and Methods

Transcriptome datasets

The KIR transcriptomes of 15 related humans and 30 related rhesus macaques were
reported previously (9). In addition, during the course of this study the KIR
transcriptomes of another three rhesus macaque families, which in total comprised 25
macaques, and one human family, comprising six individuals, samples of whom were
provided by Sanquin (Amsterdam, The Netherlands), were analyzed as previously
described (9). In short, total RNA was isolated from human and rhesus macaque
PBMCs, and cDNA was synthesized. Primer sets were designed for human K/IR2DL4 and
KIR2D/3D, which amplified all human KIR genes except for KIR3DL3, KIR2DL5, and the
pseudogenes. A KIR2DL04-specific primer set along with two KIR2D/3D primer sets
amplified macaque KI/R. Tagged KIR amplicons were pooled and purified, and SMRTbell
libraries were generated. Sequencing was performed on a PacBio Sequel platform
using P6-C4 sequencing chemistry. Informed consent was obtained from all participants.

Identification of alternative spliced KIR transcripts and splice elements

Subsequent to PacBio sequencing, the circular consensus sequences were selected
for high read quality, and were demultiplexed based on unique barcoding. Geneious
Pro R10 software (46) was used to map the PacBio reads to reference databases that
included all reported full-length and partial human and rhesus macaque KIR allele
sequences, which were derived from the IPD-KIR database and the literature (5, 33, 43,
45, 47-51), to identify 100% matched reads (0% mismatch, maximum ambiguity = 1,
minimum mapping quality = 30, 80% minimum overlap identity, minimum overlap =
400). Next, the unused reads were subjected to deletion and structural variant
discovery, which can align paired and unpaired reads that include structural
rearrangements, deletions, and insertions, to reference sequences from the databases
(0% mismatch, maximum ambiguity = 1, minimum mapping quality = 30, 10 gaps per
read allowed, minimum overlap = 100). A splice variant was confirmed when observed
in two or more individuals with at least three supporting reads. For each gene for
which a specific splice event was confirmed, the sequence was submitted to the ENA
database and received an accession number (Suppl. Table 1 and 2). In addition, Sanger
sequencing was used to confirm alternative splicing in transcripts of human KIR2DL5
(deletion of 294 bp), human KIR2DL4 (deletion of 104/105 bp), Mamu-KIR3DLO1
(inclusion of 170 bp), Mamu-KIR3DL20 (deletion of 294 bp and 300 bp), and Mamu-
KIR2DLO4 (inclusion of 245 bp), using primers designed in the inserted region, or at the
boundary of the deleted region. The skipping of exon 4 in Mamu-KIR3DL20 transcripts
was visualized by gel electrophoresis, using gene-specific primers situated at the
boundary of exons 1/2 and at the end of exon 5.
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KIR intron sequences

Macaque KIR intron sequences are almost absent from the literature, except for
introns in a completely sequenced rhesus macaque KIR haplotype (45). Therefore, we
extracted genomic DNA (gDNA) from EDTA whole blood samples by a standard salting-
out procedure, or from ~15 x 10° PBMCs with an AllPrep RNA/DNA Mini Kit (Qiagen), in
accordance with the manufacturer’s instructions. We designed generic primer sets,
tagged with PacBio barcodes, which amplified one or multiple introns, and flanking
exons, of Mamu-KIR3DL/S, Mamu-KIRID, and Mamu-KIR2DLO4 (Suppl. Table 3).
Thermal cycling conditions were denaturation at 98°C for 2 min, followed by “x” cycles
of 98°C for 20 s, “x” °C for 30 s, and 72°C for 2 min (number of cycles and annealing
temperature are indicated in Suppl. Table 3 for each primer set). Sequencing was
performed on a PacBio Sequel platform. The majority of the human KIR intron
sequences were derived from the IPD-KIR database (52). Additional sequences of
human KIR introns 6, 7, and 8, and flanking exons, were obtained by amplification with
two primer sets, using the above-mentioned thermal cycling conditions (Suppl. Table 3).
The obtained intron sequences could be assigned to the corresponding KIR genes or
alleles based on the flanking exon sequences.

Splicing strength prediction

Multiple prediction tools have been developed and compared to score sequence
elements that are involved in splicing, such as the 3’ splice site (ss) region, including
the polypyrimidine tract (PPT), and the 5" ss (53-57). In all studies, the Maximum
Entropy Modeling Scan (MaxEntScan; MES) (58), the Position Weight Matrix (PWM) via
SpliceView (59), and the Human Splice Finder (HSF) (60) outperformed the other tools,
and were therefore selected to predict the splicing strength of the KIR splice elements.
The different prediction tools use varying nucleotide ranges to score the splicing
strength of the 3’ ss, which is likely due to the degenerate nature of this motif
(Suppl. Table 4). The 5’ ss was mainly defined by three exonic (-3) and six intronic
nucleotides (+6). The output value of the tools also has different ranges, but a higher
score always implies a more precise prediction (Suppl. Table 4). It should be noted that
the scores are not a measure of effect sizes, and there are no thresholds that can
predict whether or not a splice event will occur. The scores should only be used to
facilitate a comparison between related splice sites. In addition to MES, PWM, and HSF,
the Weight Matrix Model (WMM) (58) and NNSplice tool (61) were evaluated, and
used when other tools failed to provide a splicing strength score.
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Results

Overview of alternative splicing events in human KIR genes

In a preceding family study, single Molecule, Real-Time (SMRT) sequencing on a
Pacific Bioscience’s (PacBio) Sequel platform was used to obtain KIR2DL4 and KIR2D/3D
transcript profiles of fifteen related individuals (9). These transcript profiles partly
consisted of reads that matched 100% to known KIR alleles. The dataset, however, also
comprised a considerable number of partial sequences, and sequences that contained
single nucleotide gaps. In this communication, we performed an in-depth analysis of
these latter datasets, and determined that approximately 53% and 4% of the
100%-matched reads (error-free reads) accounted for alternatively spliced KIR2DL4
and KIR2D/3D transcripts, respectively.

In total, 29 distinct KIR splice events were identified (= 3 PacBio reads), of which 18
were observed in two or more related individuals (Table 1). These independently
confirmed splice events involved both insertions (6 events) and deletions (12 events),
and can be categorized into common types of splicing mechanisms, such as exon
skipping, alternative 3’- and 5’-splice sites (ss), and cryptic exon inclusion (Figure 1 and
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Figure 1. Different mechanisms of alternative splicing. Blue boxes indicate exonic regions. Green boxes
indicate intronic sequences that are included in mature mRNA by alternative splicing. The upper dashed lines
indicate constitutive splicing, whereas the lower dashed lines indicate alternative splicing. (A) Exon skipping
(or ‘cassette exon’) is the most prevalent form of alternative splicing, which involves the complete deletion of
one or multiple exons. (B, C) An alternative 3’ or 5" splice site (ss) can result in a partial intron retention
(observed as insertion in the mRNA) or deletion. (D) Intron retention is a less common form of alternative
splicing, and involves the inclusion of a complete intron. (E) Introns can include exonic sequences that can
contain intact 3" and 5’ splice sites. The incorporation of these cryptic exons is prohibited during constitutive
splicing, but they can be included into the mature mRNA by alternative splicing.
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Table 1). In figure 2A, a schematic overview is provided of the confirmed splice events
summarized in Table 1. The excision of exon 6, which encodes the stem region,
represented the most frequently observed splice event, and was identified in alleles of
six different KIR genes (Table 1). Other commonly observed splice events were the
deletion of exon 5 (D2 domain), a deletion of 294 bp mediated by an alternative 5’ ss
at the end of exon 4 and an alternative 3’ ss at the beginning of exon 5, an insertion of
54/57 bp following exon 5, and an insertion of 78 bp subsequent to exon 6. The
remaining splice events were specific for one or two KIR genes. In transcripts of
KIR2DL1, KIR2DL3, KIR2DL4, KIR3DL1, and KIR3DL2, at least four different splice events
were observed, resulting in a diverse range of isoforms for these genes. The most
diverse alternative splicing profile was observed for KIR2DL4, for which eight different
splice events were identified. Most of these events were KIR2DL4-specific, including a
frequently observed insertion of 67 bp subsequent to exon 7, and a deletion of 66 bp
in exon 3. For transcripts encoded by activating KIR genes less alternative splicing
events were observed, which might be explained by the lower frequency of these
genes in the individuals studied. Similar splice events were observed in an additional
human family comprising six individuals, confirming the obtained splice profiles, and
suggesting that the data provides a comprehensive overview of alternative splicing in
human KIR.

In silico prediction of cis-acting splicing elements

Constitutive and alternative splicing of pre-mRNA is regulated by trans-acting
factors (small nuclear RNAs, spliceosome core proteins), and their cognate nucleotide
sequence cis-elements near the intron-exon boundaries (54, 62). Essential splicing cis-
elements are the 3’ splice site (ss), the 5’ ss, the branch point sequence (BPS), and the
polypyrimidine tract (PPT) (Figure 3). Additional enhancer and silencer elements can
be identified in the exons (Exon Splicing Enhancer, ESE; Exon Splicing Silencer, ESS) and
introns (Intron Splicing Enhancer, ISE; Intron Splicing Silencer, ISS). These regulatory
splicing sequences are degenerate, and the consensus sequences can only be loosely
followed (63). Although software tools are available to predict and score the splicing
strength of all different cis-elements (54), we mainly focused on the better modeled
prediction of the splice site elements (3’- and 5’ ss, BPS, and PPT). In the following
sections, different observed events (Table 1, Figure 2A) are substantiated by the
identified splice sites, and by their corresponding in silico-predicted splicing strength
scores, per alternative splicing mechanism (Figure 1).

Exon skipping in human KIR transcripts

The skipping of one or multiple exons was the most frequently observed alternative
splicing mechanism in the KIR transcriptomes of the human family studied (Figure 1A,
Table 1, and suppl. Table 1). The skipping of exon 7, which encodes the transmembrane
region, was observed in KIR2DL4 and KIR3DL2 transcripts, and might be explained by
variation in the splicing cis-elements (Figure 4). In all KIR genes, identical BPS and 3’ ss
sequences were identified in intron 6 preceding exon 7, and were in agreement with
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<« Figure 2. Overview of alternative splice sites in human and rhesus macaque KIR. A schematic representation
of the different splice events observed in human (A) and rhesus macaque (B) KIR transcripts categorized by
gene lineage. The splice events illustrated correspond to the splice events summarized in tables 1 and 2, and
are indicated with the size of the inclusion (+) or deletion (-) in base pairs (bp), or by color-coding. The black
line indicates the introns, whereas colored boxes represent the exons. Exons that are subjected to exon
skipping are illustrated with dark orange boxes, and the exons that are only skipped in combination with one
or more exons are indicated in light orange boxes. Exons that are not subjected to exon skipping are colored
blue. The actual splice sites, which map to the exon/intron boundaries, have not been indicated. Alternative
3’ splice sites (ss) are indicated with green left-directed hooks, whereas alternative 5’ ss are indicated with red
right-directed hooks. An alternative splice site always pair with the adjunct complement actual 3’ or 5’ splice
site, except splice events that are mediated by a set of 3’ and 5’ alternative ss, which are marked with a dashed
line. Cryptic exons are illustrated as grey boxes with a dashed line, and the (alternative) splice sites of these
cryptic exons are not explicitly indicated. The intron retention event observed in rhesus macaque KIR2DL0O4
(lineage 1) is indicated with a dashed line between exons 8 and 9. Exon 4 in rhesus macaque lineage Il KIR
genes is enlarged to more precisely illustrate the high number of alternative splice events observed.

the consensus sequences YUNAY and NYAG/G (Figures 3 and 4; / marks actual splice
site), respectively (64). Compared to the 5’ ss sequence of lineage Ill KIR genes (MES:
9.72; HSF: 88.47; PWM: 87), a single nucleotide variation (T/C) was observed in the
KIR2DL4 5’ ss sequence of exon 7, and this resulted in a lower in silico-predicted splicing
strength score (MES: 7.31; HSF: 86.29; PWM: 84) (Figure 4). Also for KIR2DL5 and
KIR3DL2, a decreased splicing strength score was predicted for the 5’ ss sequence of
exon 7 (MES: 9.35; HSF: 83.61; PWM: 84), and these genes are discriminated from
other KIR genes by a single nucleotide as well (A/G). Furthermore, the PPT of exon 7 in
KIR2DL1 and KIR2DL2 contained a single adenine substitution as compared to the
remaining lineage Il KIR genes, but despite the predicted lowered 3’ ss splicing strength
score, the skipping of exon 7 was not observed for the corresponding transcripts. The

--~"Bps T iA=Ll o

]Hse—lss UNA Poly (Y) NYAG|G ESE  ESS CAG|GUAAGU—— ISE—ISS-{[

Figure 3. Cis-acting motifs that mediate constitutive and alternative splicing. The boundaries of exons (grey
box) and introns (green line) are marked by splice sites (ss). At the 3’ ss, the end of the intron is characterized
by an adenine and guanine (AG), and forms the basis of the 3’ ss motif. At the 5’ ss, the start of the intron is
marked by a guanine and thymine (GT), and forms the basis of the 5’ ss motif (-3 bp in exon, and +6 bp in
intron). Prior to the 3’ ss, a branch point sequence (BPS) and polypyrimidine tract (PPT) can be identified, and
these elements are involved in spliceosome binding and intron exclusion. The 3’ splice site and PPT together
are referred to as the 3’ region (-20 bp in intron, and +3 bp in exon), and can be used to predict the splicing
strength. In addition to the splice site motifs, enhancer and silencer motifs can be identified in the exons (Exon
Splicing Enhancer, ESE; Exon Splicing Silencer, ESS) and introns (Intron Splicing Enhancer, ISE; Intron Splicing
Silencer, ISS), and can stimulate or inhibit splicing of an exon.
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Figure 4. Suboptimal splice sites might mediate the skipping of exon 7 in KIR2DL4, KIR2DL5, and KIR3DL2
transcripts. Exon 7 is indicated in grey boxes, whereas the BPS and PPT elements are indicated in blue and red
boxes, respectively. The 3’ ss region (3’ ss and PPT) and the 5’ ss sequences of lineage Il KIR genes, except for
KIR2DL1/2, are used as consensus sequences. Dashes (-) indicate sequence identity with the consensus
sequence. The splicing strength scores of the 3" and 5’ splice sites are provided. The BPS and 3’ splice sites of
exon 7 were identical, but variation was observed in the PPT and 5’ splice site.

PPT of exon 7 of KIR2DL4, KIR2DL5, and KIR3DL2, however, varied from the lineage IlI
KIR genes at four to seven nucleotide positions. This variation included the presence of
two adenines that interrupted the guanine- and thymine-rich tract, and although a
long continuous PPT is not required for splicing, it does appear to increase the splicing
efficiency (65, 66). Indeed, a decreased splicing strength score of the 3’ ss region (3’ ss
+ PPT) of exon 7 in KIR2DL4, KIR2DL5, and KIR3DL2 was predicted (Figure 4). Thus, the
observed skipping of exon 7 in KIR2DL4 and KIR3DL2 transcripts might be explained by
deviations in the 5’ ss and the PPT together, and suggest the existence of soluble
isoforms of these receptors. In addition, the absence of exon 7 in KIR2DL4 molecules
results in the loss of their activating signaling potential, which is facilitated by a positive
residue in the transmembrane region. Based on the data derived from the prediction
tools, the skipping of exon 7 could be expected in KIR2DL5 transcripts as well, and was
indeed reported previously (31). However, despite the presence of the KIR2DL5 gene
in some individuals, we did not identify the event in the human family studied.

Other exon skipping events involved the complex of exons 4 and 5, exon 5 only, and
exon 6, respectively, encoding the extracellular domains and the stem region
(Figure 2A). In particular, the skipping of exon 6 was frequently identified, and observed
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in KIR genes of lineages |, II, and Ill, suggesting the presence of conserved suboptimal
cis-elements. However, between the different KIR genes, extensive nucleotide variation
was observed in the BPS, PPT, and 5’ ss of exon 6, which resulted in a variety of
predicted splicing strength scores, implying that conserved suboptimal splice sites did
not mediate the splice event. In addition to less efficient splice sites, skipped exons are
often characterized by longer flanking introns that can obstruct exon recognition, or
that contain splice enhancer and silencer motifs (62). The two largest introns of the KIR
gene are those flanking exon 6, and might mediate exon skipping. Phylogenetic analysis
of introns 5 and 6 illustrated, however, that the introns do not have a close evolutionary
relationship across the different KIR lineages. Despite lineage variation in the introns,
ISE and ISS motifs, or elements that induce secondary intron structures, might be
conserved between these introns, but these elements are hard to predict using the
available in silico models.

Alternative splice sites in human KIR

Alternative 3’ or 5 splice sites are thought to be an intermediate between
constitutively spliced and skipped exons, and can introduce in- and out-frame deletions
and insertions in transcripts (Figures 1B, 1C, and 2A) (62). An example of an alternative
splice event, caused by an alternative 3’ ss, is the retention of 170 bp of intron 5, which
was observed in KIR3DL1 transcripts (Table 1). This partial intron retention introduced
a premature stop codon subsequent to exon 5, resulting in a transcript that encodes
only the extracellular domains, and could be explained by the presence of an additional
3’ splice site upstream of the actual splice site (Figure 5A). However, according to the
in silico models, the splicing strength of the alternative 3’ ss region (MES: 4.72; HSF:
77.69; PWM: 81) is remarkably lower compared to the actual splice site (MES: 11.54;
HSF: 80.64; PWM: 86), which might indicate that this splice event is not common.
Additionally, a BPS prior to the alternative 3’ ss that matches the consensus sequence
was not observed. The low number of PacBio reads (< 6 reads) for this KIR3DL1 splice
variant might already be indicative that this splice event, although observed in three
individuals, is not favorable over constitutive splicing. Even more, the introduction of a
premature stopcodon might be indicative for the degradation of the alternatively
spliced transcript by the nonsense-mediated decay. Nonetheless, the presence of this
splice variant was confirmed by Sanger sequencing, and might still have functional
relevance in certain NK cell subsets that are resident in specific tissues.

A partial deletion at the end of exon 7 was observed in KIR2DL4 transcripts, and was
mediated by an alternative 5’ splice site (Figure 5B). The end of exon 7 in KIR2DL4 is
marked by a poly-adenine sequence that can be nine (9A) or ten (10A) nucleotides long
(30). The “9A” KIR2DL4 alleles have a premature stopcodon subsequent to exon 7,
suggesting the absence of a cytoplasmic tail, and thereby the loss of their inhibitory
potential (Figure 5B). The “10A” KIR2DL4 transcripts encode a complete receptor,
including a cytoplasmic tail with a single ITIM. Deletions of 73 and 74 bp at the end of
exon 7 were observed in transcripts of “9A” and “10A” KIR2DL4 alleles, respectively
(Figure 5B, Table 1). These deletions were mediated by an alternative 5’ ss that is
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MES: 4.72; HSF: 77.69; PWM: 81 MES: 11.54; HSF: 80.64; PWM: 86
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-
b

B
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10A KIR2DL4 A +67 bp 1 2 3 5 6 7

MES: 4.68; HSF: 74.72; PWM: 74 MES: 7.31; HSF: 86.29; PWM: 84 MES: 6.99; HSF: 90.04; PWM: 89
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Figure 5. Alternative splice sites mediate deletions and insertions at the transcription level. The observed
transcripts are illustrated, in which exons are indicated by blue boxes, and corresponding protein structures
are schematically depicted adjacent to the transcript. Intron inclusions are indicated in grey boxes. Dashed
lines indicate the potential splice events, and predicted splicing strength scores are provided for actual and
alternative splice sites. Stopcodons are indicated by black boxes with an asterisk (*). (A) The constitutive
splicing of human K/R3DL1 results in a transcript including nine exons, and encodes a KIR3DL molecule.
Alternative splicing, mediated by an alternative 3’ splice site located 170 bp downstream of the actual splice
site, results in a transcript encoding only three extracellular domains. “BPS?” refers to the potential lacking of
a BPS for the alternative 3’ ss. (B) The constitutive splicing of human “9A” and “10A” KIR2DL4 alleles results in
membrane-bound molecules containing two extracellular domains, or molecules that contain two extracellular
domains and a cytoplasmic tail including a single ITIM, respectively. An alternative 5’ ss located in exon 7
results in a partial deletion of the transmembrane region in both “9A” and “10A” KIR2DL4 alleles, and the
introduction of a stopcodon. A second alternative 5’ ss located in intron 7 results in a partial intron inclusion
of 67 bp. In “9A” KIR2DL4 alleles, this inclusion restores the open reading frame, and these isoforms probably
express an inhibitory cytoplasmic tail. In contrast, the same splice event in “10A” KIR2DL4 alleles results in a
frame-shift that introduces a stopcodon subsequent to exon 7.
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located within exon 7, and caused a frameshift that introduced a premature stop
codon, suggesting a soluble KIR2D molecule. The in silico models predicted that the
splicing strength score of the actual 5’ ss is higher (MES: 7.31; HSF: 86.29; PWM: 84)
than the splicing strength score of the alternative 5’ ss located in exon 7 (MES: 4.68;
HSF: 74.72; PWM: 74), suggesting that constitutive splicing would be more prevalent.
In addition, another alternative 5’ ss was observed in intron 7 of KIR2DL4, which
resulted in a partial intron inclusion of 67 bp subsequent to exon 7. This alternative 5’
ss scored a higher predicted splicing strength (MES: 6.99; HSF: 90.04; PWM: 89) then
the alternative 5’ ss located in exon 7, and even scored higher compared to the actual
5’ ss according to the HSF and PWM models. This might indicate that the inclusion of
67 bp subsequent to exon 7 in KIR2DL4 transcripts is a prevalent splicing event, which
is also supported by high PacBio read counts observed for this splice variant (an average
of 115 PacBio reads per individual). In the “10A” KIR2DL4 transcripts, the partial intron
inclusion mediated by the alternative 5" ss in intron 7 caused a frameshift that
introduced a stopcodon subsequent to exon 7, and they thereby lack the cytoplasmic
tail that includes an ITIM. In contrast, in the “9A” KIR2DL4 alleles, which normally
encode a truncated receptor, the open reading frame (ORF) was restored by the partial
intron inclusion, resulting in transcripts that encode a KIR protein including a
cytoplasmic tail. These examples suggest that alternative splicing might regulate
whether the KIR2DL4 receptors contain a cytoplasmic tail, and thereby maintain their
inhibitory function, or not.

“Cryptic” exons in human KIR

Some potential exons — referred to as cryptic exons — are located within intronic
regions, and are normally not spliced into mature mRNA by constitutive splicing
(Figure 1E); this could be due to intrinsic defects, the presence of splice silencer
elements, or the formation of inhibiting RNA secondary structures (67). Nonetheless,
alternative splicing can mediate the inclusion of cryptic exons in the transcript, as is
previously described for KIR2DL1, and this might play a role in health and disease (67-
70). In the family studied, multiple alternative splice events that introduced a cryptic
exon were identified. For example, an inclusion of 78 bp that originated from intron 6
was observed in transcripts of KIR2DL1, KIR2DL2, KIR2DL3, and KIR2DS1 (Figure 6A).
The extended transcripts remained in-frame, and the 26 introduced amino acids
(cryptic exon) between the stem and transmembrane region included positively and
negatively charged residues. The stretch of amino acids was found to be highly
conserved in the four KIR gene products mentioned above, with only one single
nucleotide variation present in the alleles studied. In all other KIR genes, except for
KIR2DL5 and KIR3DL3, the cryptic exon could be identified at the same position in
intron 6 (~1426 bp 3’ of exon 6, ~¥2755 bp 5’ of exon 7), but sequence variability was
observed, varying from five to fifteen nucleotides, as compared to the above-
mentioned conserved sequence. This variation might involve ESE and ESS motifs, which
could inhibit cryptic exon inclusion. In KIR genes that contained the cryptic exon or the
variant cryptic exon, a BPS, PPT, and 3’ ss were identified, and similar 3’ ss splicing
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Figure 6. Inclusion of cryptic exons by alternative splicing. The observed transcripts are illustrated, in which
exons are indicated by blue boxes, and corresponding protein structures are schematically depicted adjacent
to the transcript. Cryptic exons are indicated in grey boxes. Dashed lines indicate the potential splice events,
and predicted splicing strength scores are provided for cryptic splice sites. Stopcodons are indicated by black
boxes with an asterisk (*). (A) In transcripts of KIR2DL1-3/2DS1, a cryptic exon of 78 bp was observed that
originated from intron 6. This inclusion extends the region between the stem and transmembrane region by
26 amino acids, including positively and negatively charged residues. (B) In transcripts of KIR2DL1 and
KIR2DS5, a cryptic exon of 57 bp was observed, which originated from intron 5. Three bp upstream, a second
cryptic 3" ss was identified, which explained the cryptic exon inclusion of 54 bp in transcripts of KIR2DS1 and
KIR2DS4. At the gDNA level, the presence of one or both of these cryptic exons was also identified in other
lineage Il KIR genes and KIR2DL5.
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strength scores were predicted (data not shown). The 5" ss of KIR2DL1-3 and KIR2DS1
could be distinguished from the 5’ ss of other KIR genes by a substitution of a cytosine
with an adenine, which resulted in a higher predicted 5’ ss splicing strength score in
KIR2DL1-3 and KIR2DS1 (MES:-; HSF: 74.22; PWM:-; WMM: 4.70) compared to the KIR
genes that had a cytosine in the 5" ss (MES:-; HSF: 65.41; PWM:-; WMM: 1.71). Thus,
this mutation might contribute to the inclusion of the cryptic exon at the transcription
level. Furthermore, phylogenetic analysis illustrated that intron 6 of each KIR gene
clustered separately, but that the evolutionary distance of KIR2DL1, KIR2DL2, KIR2DL3,
and KIR2DS1 was small compared to the other KIR genes. Although hard to predict, the
variation in intron 6 sequences might involve ISE and ISS motifs that, in combination
with the cryptic exon variation and 5’ ss mutation, contribute to the inclusion of the
cryptic exon.

Another example of a cryptic exon inclusion is the insertion of 57 bp that was
observed in transcripts of KIR2DL1 and KIR2DS5 (Figure 6B and Table 1). This cryptic
exon originated from intron 5 (~837 bp 3’ of exon 5, ~2259 bp 5 of exon 6), and
introduced a stopcodon subsequent to exon 5, resulting in transcripts encoding only
the D1 and D2 domains. In all KIR genes, this cryptic exon could be identified at the
same position in intron 5, with variation up to nine nucleotides. However, only in four
genes (KIR2DL1, KIR2DS1, KIR2DS3, and KIR2DS5) does the cryptic exon have an intact
3’ ssregion (MES: 8.80, HSF: 88.12, PWM: 91), whereas the other KIR genes are missing
a 3’ ss at this position. Three nucleotides upstream, however, another 3’ ss could be
identified in all lineage Il KIR genes as well as in KIR2DL5 (MES: 4.07-4.87, HSF: 71.38-
77.47, PWM: 81-84), which could result in the inclusion of 54 bp subsequent to exon
5, as was observed in transcripts of KIR2DS1 and KIR2DS4 (Table 1). Since the predicted
splicing strength score is lower in the second cryptic 3’ ss, a cryptic exon of 57 bp might
be more prevalent then a 54 bp inclusion for genes that have both cryptic 3’ ss, but
guantitative techniques are required to confirm this. The predicted splicing strength of
the 5’ ssis similar in all genes (MES: 6.04, HSF: 89.67, PWM: 84), except for KIR3DL2, in
which a 5" ss was not identified. Although cryptic exon inclusion events (54 or 57 bp)
were only observed in four KIR genes in the human family studied (Table 1), these
observations suggest that the cryptic exon of 57 bp can be expected in transcripts of
KIR2DL1, KIR2DS1, KIR2DS3, and KIR2DS5, whereas an identical cryptic exon of 54 bp
might be observed in transcripts of all lineage Il KIR genes and KIR2DL5.

Overview of alternative splicing in rhesus macaque KIR transcripts

In addition to the splicing profiles of human KIR, we also analyzed alternative
splicing of KIR transcripts in rhesus macaques. From a preceding family-based study,
macaque KIR transcriptome profiles were obtained, which consisted of 100% matched
Mamu-KIR sequences (20-45%), partial sequences, and sequences that contained a
single nucleotide gap (9). In-depth analysis demonstrated that approximately 24% and
13% of the 100%-matched Mamu-KIR3DL/S and -KIR2DLO4 reads (error-free reads)
accounted for alternatively spliced transcripts, respectively. In total, 48 different
alternative splice events were identified (= 3 PacBio reads), of which 29 were confirmed
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in two or more rhesus macaques (Table 2, Figure 2B, and suppl. Table 2). To verify
whether we had obtained a complete overview of the alternative KIR splicing profiles,
the PacBio read coverage of some previously typed macaque transcriptomes was
increased by pooling samples of three instead of twelve rhesus macaques in a single
PacBio Sequel sequencing run. This resulted in an average of 40.000 PacBio reads per
rhesus macaque, which is approximately four times the number of reads we obtained
per macaque from the previous study. Three additional splice events were identified (>
10 PacBio reads, or confirmed in two macaques; Table 3), and although a few splice
events may have been missed, this indicated that the coverage of the formerly obtained
KIR transcriptomes is sufficient to provide a fairly complete overview of the alternative
splicing profiles. Furthermore, three additional families, which in total comprised 25
rhesus macaques, were sequenced for their KIR transcriptome, in accordance with the
previously described protocol (9). The alternative splicing profiles of the KIR transcripts
in these families revealed only one novel splice event (deletion of 112 bp in exons 4
and 5), and confirmed twenty-four splice events that were already present in the
alternative KIR splicing profiles of the formerly studied family. Moreover, three events
that were previously identified in a single macaque (Table 3, events in italic) could be
confirmed by analyses of the three additional families (= 3 PacBio reads, in two or more
macaques). This illustrated that most, but not all, KIR splice events are shared between
macaque families.

Common alternative splicing events in rhesus macaque KIR

As in human KIR, all independently confirmed splice events observed in rhesus
macaque KIR could be categorized into common alternative splicing mechanisms
(Figure 1), which are listed in Table 2 and schematically illustrated in Figure 2B. Splice
events that involved Mamu-KIR1D are not included in this table and schematic figure,
and will be discussed separately in the following section. The deletion of the first 36 bp
of exon 4 was the most frequently observed alternative splice event, and is mediated
by a conserved alternative 3’ ss that is present in most Mamu-KIR1D/3D alleles
(Table 2). The predicted splicing strength score of the alternative 3’ ss (MES: 8.24-
10.27, HSF: 90.11-90.53, PWM: 88-92) was higher (HSF and PWM), or similar (MES),
compared to the predicted score of the actual 3’ ss (MES: 8.25-10.20, HSF: 86.61-
88.52, PWM: 84-87). Transcripts with this in-frame deletion lacked 12 amino acids at
the start of the D1 domain, including three positively charged residues that might be
involved in protein folding or ligand binding. In exon 4 of most Mamu-KIR3D genes, two
other alternative 3’ ss could be identified, resulting in transcripts with in-frame
deletions of 216 bp and 267 bp (Figure 2B and Table 2). Likewise, four alternative 3’ ss

Table 2. Thirty splice events identified inthirty related rhesus macaques by PacBio sequencing at the
transcription level. The events can be catagorized into exon skipping (or ‘cassette’ exons), alternative 3" and/
or 5 splice sites, cryptic exon inclusion, and intron retention. The size of deletions or inclusions are indicated
in base pairs (bp). The result of the alternative splice event is predicted.
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could be identified in exon 5 of most Mamu-KIR3D genes, of which the one that
mediated an out-frame deletion of 115 bp was most frequently observed. Other
common alternative splice events observed in rhesus macaque KIR involved the
skipping of exon 5 and the deletion of 446 bp (exons 5, 6, and 7). Mamu-KIR1D,
-KIR3DL20, and -KIR2DL04 displayed a remarkable alternative splicing profile, and will
be discussed in more detail in the next sections.

Extensive alternative splicing in Mamu-KIR1D

Mamu-KIR1D, which is the only lineage Il KIR gene in rhesus macaques, was
identified in approximately 25-30% of the defined Mamu-KIR haplotypes, and, so far,
only three different alleles are reported, suggesting a high level of conservation at the
exon level (9). Hershberger and colleagues described nine different splice variants
using Sanger sequencing (43). In our KIR transcriptome profiles obtained by PacBio
sequencing, we identified a complex array of nineteen different alternatively spliced
Mamu-KIR1D transcripts that originated from a single allele (Mamu-KIR1D*002)
(Figure 7A). Up to fifteen different Mamu-KIR1D isoforms could be identified in a single
individual (= 3 PacBio reads), which illustrates extensive alternative splicing. These
splice variants could be explained by exon skipping, alternative 3’-and 5’ ss, and cryptic
exons. At the genomic DNA (gDNA) level, three domain-encoding exons could be
identified, but only exon 4 (D1 domain) was present in all transcribed Mamu-KIR1D
isoforms. On the basis of gDNA analysis, it was revealed that exon 3 of Mamu-KIR1D
contained a 5 bp deletion (71), and was constitutively skipped, similar to what is
observed in human lineage Il KIR genes. However, an intact BPS, PPT, 3’ ss (MES: 6.62,
HSF: 86.67, PWM: 85), and 5’ ss (MES: 7.41, HSF: 92.64, PWM: 86) could be identified
for exon 3 of Mamu-KIR1D, which may suggest that another mechanism plays a role in
the constitutive skipping of this exon. An explanation might be the absence of 33 bp in
intron 2, which characterizes all lineage Ill KIR genes in both humans and macaques
(Figure 7B). This intron part is a purine-rich element that might be essential for
spliceosome binding, and leads in its absence to the exclusion of exon 3 at the
transcription level.

In most of the identified Mamu-KIR1D isoforms, exon 5 was present or partially
included (Figure 7A, #1-13). Due to a 7 bp deletion in exon 5 at the gDNA level, complete
inclusion of this exon at the mRNA level by constitutive splicing resulted in a frameshift
that introduced a stopcodon in the beginning of exon 7 (Figure 7A; #1, 2). The remaining
transcripts that included exon 5 either skipped exon 7, but had in-frame exons 8 and 9
(Figure 7A; #3), or had intronic/exonic inclusions subsequent to exon 6 that introduced
a stopcodon (Figure 7A; #4-6). These transcripts probably encode soluble and truncated
KIR1D receptors, respectively. In other Mamu-KIR1D isoforms, the first part of exon 5
was skipped, which resulted in in-frame transcripts that encoded the D1 domain, the
second part of the D2 domain, and an intact cytoplasmic tail (Figure 7A; #7-9), or out-
frame transcripts that had a stopcodon subsequent to exon 5 (Figure 7A; #10-13).
Transcripts that completely lacked exon 5 encoded membrane-bound isoforms with the
D1 domain and an ITIM-containing cytoplasmic tail (Figure 7A, #14, 15), or isoforms
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Missing D1 and D2 domains, and stem region

3DL05, 3DL20

Exons 4 +5+6

Deletion

Exon skipping

Extensive alternative splicing of KIR transcripts

Table 3. To verify whether a complete overview of Mamu-KIR
alternative splicing was obtained, four samples were pooled
for a PacBio Sequel sequencing run, which provided a fourfold
coverage compared to the obtained transcriptome profiles.
Three additional splice events were confirmed (> 10 PacBio
reads, or confirmed in two macaques), indicating that a rather
complete overview of alternative splicing can be provided by data
from the preceding study (9). Also, the alternative splicing profiles
of three additional families, consisting of 25 rhesus macaques in
total, were characterized. Only a single splice event was identified
that was not observed in the main dataset, whereas 24 splice
events were confirmed, indicating that most splice events are
shared between rhesus macaque families.

that encoded only the D1 domain (Figure 7A, #16-
18). The deletion of 36 bp at the beginning of exon
4, as is observed in most lineage Il Mamu-KIR genes
(Table 2), was also identified in multiple Mamu-
KIR1D transcripts; these isoforms could appear with
and without this splice event (Figure 7A, #1/2, 8/9,
10/11, 12/13).

In other Old World monkey species such as
cynomolgus macaques (Macaca fascicularis), olive
baboons (Papio Anubis), and vervet monkeys
(Chlorocebus aethiops), orthologs of Mamu-KIR1D
were observed that also displayed the 5 bp and 7
bp deletions in exons 3 and 5, respectively (36, 71).
In addition, a comparison of intron 2 of these genes
revealed that they also lack the purine-rich element
of 33 bp, which might explain the constitutive
skipping of exon 3. It is not known whether these
orthologs are also subjected to extensive alternative
splicing. In humans, no orthologs of Mamu-KIR1D
were identified. However, multiple human KIR2DS4
alleles that skip exon 3 — and that have a 22 bp
deletion at the gDNA level in exon 5, which
introduces a frameshift that resulted in an early
stopcodon subsequent to exon 6 — have been
described as Mamu-KIR1D analogs (72).

Consistent alternative splicing of Mamu-KIR3DL20

The Mamu-KIR3DL20 gene is present on most,
but not all, reported Mamu-KIR haplotypes, and
has been considered a framework gene.
Phylogenetic analysis has illustrated a relationship
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between Mamu-KIR3DL20 and human linage | (KIR2DL4, KIR2DL5) and V (KIR3DL3) KIR
genes (45, 71). Indeed, exon 3 of Mamu-KIR3DL20 showed similarity to human
KIR2DL5, and exons 4 and 5 displayed similarity to human KIR3DL3. The exons encoding
the cytoplasmic tail of Mamu-KIR3DL20 are more related to macaque KIR genes.
Multiple studies have suggested that the frequently identified Mamu-KIR2DLO5
transcript is a splice variant of the Mamu-KIR3DL20 gene, in which exon 4 (D1 domain)
is spliced out (33, 43, 44, 71, 73). Our results substantiates that Mamu-KIR2DLO5 is
indeed a splice variant of Mamu-KIR3DL20, and that this splice event is consistent for
every identified Mamu-KIR3DL20 allele in the rhesus macaques studied (Figure 8). In
addition, gel electrophoresis indicates that the amount of exon 4 skipping in Mamu-
KIR3DL20 transcripts is considerable (additional file figure S1 in Supplementary
Material). The 3’ ss region of exon 4 in Mamu-KIR3DL20 is intact (MES: 8.25, HSF:
86.96, PWM: 85), although the predicted splicing strength is slightly lower compared
to the 3’ ss of most other macaque KIR genes (MES: 9.84, HSF: 88.52, PWM: 85). Due
to a single substitution of a cytosine with a thymine, the 5’ ss of exon 4 in Mamu-
KIR3DL20 alleles (MES: 6.95, HSF: 94.52, PWM: 88) also scored lower compared to the
remaining KIR genes (MES: 9.22, HSF: 96.51, PWM: 92). Therefore, these suboptimal
splice sites might contribute to the skipping of exon 4 in Mamu-KIR3DL20, resulting in
Mamu-KIR2DLO5 transcripts. Moreover, the skipping of exon 4 might be mediated by
intron 3 of Mamu-KIR3DL20, which is 450-650 bp shorter compared to intron 3 of
other Mamu-KIR genes. This may result in modified or missing splicing elements in
intron 3, thereby influencing the spliceosome efficiency. Of note is that in human
KIR3DL3, which has an exon 4 similar to Mamu-KIR3DL20, intron 3 is also shorter, but
the consistent skipping of exon 4 is not reported for this human gene. In contrast to
exon 4 in all reported human and macaque KIR genes, exon 4 of Mamu-KIR3DL20 is
completely conserved in all 22 reported rhesus macaque alleles. This observation
suggests selective pressure, and indicates an important function of exon 4 (D1 domain)

Figure 7. Overview of alternative splicing in Mamu-KIR1D. (A) Nineteen different Mamu-KIR1D transcripts
were observed; each transcript is illustrated by blue boxes per exon. White boxes with a dashed outline
indicate partial exon deletions, and intronic inclusions are indicated in grey boxes. Multiple transcripts have an
out-frame region, due to a deletion of 7 bp in exon 5 at the gDNA level, which can introduce a stopcodon (#1,
2,4-6). However, the complete inclusion of exon 5 combined with the skipping of exon 7 can restore the open
reading frame (#3). The partial deletion of exon 5 might result in Mamu-KIR1D molecules containing an intact
inhibitory cytoplasmic tail (#7-9), or in molecules that only consist of a single D1 domain (#10-14). Transcripts
that completely skipped exon 5 might encode membrane-bound molecules including an inhibitory cytoplasmic
tail (#14, 15), or molecules that only encode the D1 domain, with or without the stem region (#16-18). A
second variant was observed for some transcripts, which involved the deletion of 36 bp at the beginning of
exon 4, which was also observed in lineage Il KIR genes (#1/2, 8/9, 10/11, 12/13; Table I1). (B) Exon 3 is present
at the gDNA level in Mamu-KIR1D, but none of the KIR1D isoforms contain the DO domain encoded by this
exon. The BPS, PPT, and both 3" and 5’ splice sites of exon 3 are intact, just as in human lineage Il KIR genes,
and predicted splicing strength scores are provided. Intron 2 of all lineage Ill KIR genes, including Mamu-
KIR1D, lack 33 bp in intron 2 compared to all other KIR genes. The lack of this 33 bp stretch might inhibit
constitutive splicing of exon 3, as indicated by the red dashed line. The weblogo plot shows the nucleotide
sequence composition of this 33 bp stretch that is present in all KIR genes except the KIR lineage Il genes,
which might mediate the constitutive splicing of exon 3.
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Figure 8. The skipping of exon 4 in Mamu-KIR3DL20 transcripts to generate Mamu-KIR2DLO5 transcripts.
Transcripts are illustrated with the exons indicated in blue boxes, and corresponding protein structures are
schematically depicted adjacent to the transcript. The splice event is indicated with dashed lines. Exon 4 (D1
domain) is consistently skipped for all studied Mamu-KIR3DL20 alleles to generate Mamu-KIR2DLO5
transcripts.

in the recognition of Mamu-KIR3DL20 receptors, or in the formation of Mamu-
KIR2DLOS5 splice variants via splicing enhancer or silencer motifs.

The consensus sequence of the Mamu-KIR2DLO5 transcripts, generated by the
alternative splicing of the Mamu-KIR3DL20 gene, showed 89.5% similarity to the
consensus sequence of constitutively spliced human K/IR2DL5 transcripts, and suggests
a convergent evolution of this gene in humans and macaques. Although the exact
mechanism and function of the consistent skipping of exon 4 in Mamu-KIR3DL20
resulting in Mamu-KIR2DLO5 transcripts is not completely understood, it does illustrate
that alternative splicing in macaques can introduce a second KIR2DL transcript
additional to Mamu-KIR2DL0O4. As well as the skipping of exon 4, Mamu-KIR3DL20
transcripts that lacked exons 4 and 5 (594 bp deletion; Table 2) were also frequently
observed. These transcripts were not consistently observed in all macaques, however,
and seem to encode inhibitory receptors with a single extracellular domain (DO).

Alternative splicing in Mamu-KIR2DL04 is mainly gene-specific

Whereas human KIR2DL4 is a framework gene, the macaque ortholog Mamu-
KIR2DL0O4 is identified on approximately 65-75% of the reported Mamu-KIR haplotypes
(9, 33). As with KIR2DL4 in human, the most diverse splicing profile in macaques was
observed for Mamu-KIR2DLO04, including ten confirmed splice events, of which nine
were gene-specific (Table 2). Exon skipping events were observed in exons 6 to 8. In
Mamu-KIR2DLO4 transcripts, the skipping of exon 7 is only observed in combination
with the skipping of exon 6 (155 bp in total) (Figure 2B). The skipping of exon 8, which
encodes a part of the cytoplasmic tail, was only observed in Mamu-KIR2DL0O4*015. In
two macaques that expressed this allele, no complete transcripts were identified,
indicating allele-specific consistent exon skipping. Other events involved alternative
splice sites, of which three were located in intron 7, which resulted in partial intron
retentions subsequent to exon 7 (Figure 9 and Table 2). These intronic insertions
introduced a stopcodon, and the three corresponding transcripts probably encode a
membrane-bound receptor that lacks a cytoplasmic tail. Similar alternatively spliced
transcripts were observed for human “10A” KIR2DL4 alleles with an insertion of 67 bp
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Figure 9. Alternative splice sites in intron 7 of Mamu-KIR2DLO4. Transcripts are illustrated with the exons
indicated in blue boxes, and corresponding protein structures are schematically depicted adjacent to the
transcript. Intronic inclusions are indicated in grey boxes, and stopcodons are marked by a black box with
asterisk (*). Splice events are indicated with dashed lines. Three alternative 3’ splice sites were identified in
intron 7 of Mamu-KIR2DL04, and result in intron inclusions of 109, 147, and 245/246 bp subsequent to exon
7. All these inclusions result in a frameshift that introduces a stopcodon, indicating membrane-bound KIR2D
receptors without an inhibitory cytoplasmic tail.

subsequent to exon 7 (Figure 5B). However, whereas in human KIR2DL4 the splice
event is mediated by an alternative 5’ ss, resulting in an inclusion of the first part of
intron 7, in macaques the intron inclusions originate from the end of intron 7, and are
mediated by alternative 3’ splice sites. Notably, three out of the four alternative splice
sites in intron 7 could be identified in the human and macaque KIR2DL4 orthologs, but
no similar alternatively spliced transcripts were shared between the species.

Discussion

The plasticity of the KIR genes is manifested by allelic polymorphism, copy number
variation, the expansion and contraction of haplotypes, variegated expression, and the
generation of hybrid genes by recombination. Here we demonstrate that alternative
splicing adds an additional layer of complexity by the generation of isoforms originating
from a single KIR gene. This phenomenon appears to be a structural aspect of the KIR
gene cluster in different primate species. In total, 18 human and 55 macaque splice
events were documented (Figures 2 and 7A, Tables 1-3), including gene-specific
events, and events that were observed across different KIR lineages. The potential
mechanisms that mediate these splice events were categorized into common types of
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alternative splicing, and the responsible motifs were predicted and scored with
different software tools. Overall, the current overview of the KIR splicing profiles in
humans and rhesus macaques indicates that the generation of different KIR isoforms
might be of functional relevance in health and disease.

Alternative splicing can diversify the characteristics of the encoded protein,
including the domains it contains, its ligand interactions, cellular localization, and
signaling properties. As a result, different isoforms encoded by the same gene can
execute distinct functionalities. The receptor structure, and to a lesser extent the
functional characteristics, of some KIR isoforms could be predicted based on the
alternatively spliced KIR transcripts. The skipping of one or multiple exons that encode
the extracellular domains (exons 3-5) likely results in the formation of KIR1D or KIR2D
receptors, which can have distinct binding properties compared to the constitutively
spliced isoform. A frequently observed splice event in human KIR is the skipping of
exon 6, which encodes the stem region. The function of this region is not yet clear, but
it might be involved in the flexibility and orientation of the receptor. Crystallography
and in vitro lysis assays illustrated, for instance, that the stem region is not involved in
ligand binding, but may contribute to the inhibitory signaling function (74, 75).
Therefore, isoforms that lack the stem region might be less stringent in delivering
inhibitory signals. Transcripts that completely or partially lack exon 7 probably encode
soluble receptors, whereas the absence of exons 8 and/or 9 indicates a loss of inhibitory
signaling function. The consequences of events facilitated by splice mechanisms other
then exon skipping is harder to predict. For example, the in-frame deletion of 36 bp in
exon 4, which is observed in thirteen different Mamu-KIR genes and mediated by an
alternative 3’ ss, might result in a different D1 domain orientation, in distinct ligand
interactions, or in an aberrant folding of the complete receptor. The conservation of
this alternative 3’ splice site may indicate a selective pressure on a functional
characteristic of the KIR isoform generated by this splice event. In vitro binding and
inhibition assays with KIR isoform-transfected cells could elucidate the function of
these less predictable splice variants. However, it should be noted that a large
proportion of the splice events may not result in functional receptors and these
product may be subjected to the nonsense-mediated decay pathway, as was previously
reported in human proteomic studies (76-78). This nonproductive splicing is likely a
redundancy relating to the rapid evolution of splice sites, from which beneficial
isoforms are positively selected, although it has also been suggested that nonfunctional
splicing is a mechanism to downregulate expression of the protein encoded by
constitutive splicing (79, 80). Nonetheless, the number of splice events that we
identified (Figures 2 and 7A, and Tables 1-3), together with the observed segregation
of splice events and the sharing of splice mechanisms resulting in similar consequences
on protein level in humans and rhesus macaques, suggests that at least a part of the
alternative splicing profiles contributes to a structural and functional variety of KIR
receptors.
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All common alternative splicing mechanisms were observed in human and rhesus
macaque KIR genes, except for intron retention, which was only observed in a single
splice event in Mamu-KIR2DLO4. In both species, similar exon skipping events were
observed (Figure 2 and Tables 1-3), although in humans more events involved the
skipping of multiple exons, especially exon 7 and its flanking exons. In addition to most
exon skipping events, only the deletion of 198 bp in the end of exon 3, which is
mediated by an alternative 5’ ss, was shared between humans and rhesus macaques.
In macaques, this deletion was observed in three different genes, whereas in humans
this splice event was specific for KIR2DL4, and was only observed in combination with
a second deletion in the transmembrane region. These isoforms probably have an
aberrant DO domain, which might result in modified binding properties. All other splice
events were only identified in one of the two species. In contrast to human KIR splice
events, most splice events in macaque KIR involved the domain-encoding exons. This
could be related to the expansion of lineage Il KIR genes in macaques, which contain
three extracellular domains, and therefore might have more flexibility to modify the
domains without compromising ligand binding.

The skipping of exon 4 (D1 domain) was consistently observed in transcripts of
Mamu-KIR3DL20 (lineage V), which is considered a framework gene in rhesus macaques,
and resulted in Mamu-KIR2D transcripts that only encoded the DO and D2 domains.
These alternatively spliced transcripts seem to be a functional analog of human KIR2DL5
(lineage I) and they share a similarity of 89.5%, suggesting a convergent evolution of this
structure. In macaques, the Mamu-KIR2DLO5 transcripts were identified in all individuals,
whereasin humans, KIR2DL5 is only present on specific haplotypes (group B haplotypes).
This is an indication that the alternatively spliced Mamu-KIR2DLO5 transcripts, or the
Mamu-KIR3DL20 gene itself, are essential to rhesus macaques. The complete
conservation of exon 4 in all Mamu-KIR3DL20 alleles further supports this. Exon 4 in
Mamu-KIR3DL20 seems to be essential in facilitating its own consistent skipping, or in
the interaction of Mamu-KIR3DL20 molecules, and might therefore be conserved by
selective pressure. This conserved character is not observed for any other exon in
human or macaque KIR. The skipping of exon 4 in Mamu-KIR3DL20 transcripts illustrates
how alternative splicing can expand the plasticity of the KIR repertoire by generating
isoforms of two different KIR lineages from a single gene.

The skipping of exon 5, and exons 4 and 5 together, was observed in KIR genes of
humans and macaques, and the events might have similar consequences. The skipping
of exon 3 was not observed in human and macaque lineage | and Il KIR genes, which
implies essential properties for the DO domain. It has been reported that the DO
domain is involved in the direct binding of MHC class | molecules (81), whereas others
described only a modulatory role for this domain in KIR3D receptors (82, 83).
Furthermore, the cell surface level of human KIR3DL1 could be modified by DO
polymorphisms, such as the substitution of a valine with a leucine at position 18 (V18L),
which prevents the surface expression of KIR3DL1*053 (84). The characteristics of the
DO domain might be essential for KIR3D function in both species, and therefore the
alternative splicing of this domain might be subjected to negative selection.
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A large number of alternative splicing events were observed for the Mamu-KIR1D
gene (Figure 7A), which is the only lineage Il KIR gene in macaques and is highly
conserved, as only three alleles have been documented in the apparent functional
sections of the gene (exons 1, 2 and 4). Despite an intact BPS, PPT, and 3’ and 5’ splice
sites, exon 3 is constitutively skipped in this gene. An explanation for this phenomenon
can be found in the absence of a purine-rich stretch of 33 bp in intron 2 of Mamu-
KIR1D (Figure 7B), which is also lacking in human lineage Il KIR genes. Human and
macaque KIR genes, which do include exon 3 in their transcripts, have an intron 2 that
contains the purine-rich 33 bp. Within these genes, the 33 bp appear highly conserved,
which might indicate its essential role for spliceosome recognition. Furthermore, the
Mamu-KIR1D gene shows extensive alternative splicing subsequent to exon 4, and this
might be due to the introns flanking exons 5 and 6. In rhesus macaques, introns 5 and
6 of lineage Il KIR genes are approximately 2000 bp and 914 bp in length, respectively.
Introns 5 and 6 of Mamu-KIR1D (lineage IIl) are approximately 3290 bp and 4330 bp,
respectively, and similar intron lengths are observed in human lineage Il KIR genes. In
humans, lineage Ill KIR genes mainly interact with HLA-C molecules. In rhesus
macaques, however, no homolog of HLA-C is identified, and most Mamu-KIR probably
interacts with members of the expanded repertoire of MHC-A and -B molecules.
Therefore, selective pressure to conserve the lineage lll gene might be low, which
makes the large introns observed for Mamu-KIR1D prone to mutations that might
induce alternative splicing. As such, an initial macaque KIR2D gene is now translated
into Mamu-KIR1D. At present it is unclear whether any of the different identified
Mamu-KIR1D isoforms are functional in macaques.

The extent of the impact that alternative splicing has on the KIR repertoire is
dependent not only on which splice variants are formed but also on the frequency of
the splice events. In this study, the PacBio Sequel platform was used to determine the
alternative splicing profiles, but this method does not provide quantification, and may
only be used as a quantitative indication. Approximately 4% and 53% of the
100%-matched human KIR2D/3D and KIR2DL4 reads accounted for alternatively
spliced transcripts. In rhesus macaques, 24% and 13% splice variants were obtained
from the 100%-matched KIR2D/3D and KIR2DLO4 PacBio reads, respectively. These
percentages indicate abundant alternative splicing for human KIR2DL4 and macaque
KIR2D/3D, but one has to be cautious with the interpretation of these numbers, as the
guantification value of the PacBio platform is low. Furthermore, preferential
amplification of the used primer sets can not be ruled out, which may also have an
effect on the calculated numbers. More reliable quantification methods, like droplet
digital PCR (ddPCR) or RNA-seq, are hard to adapt on a multigene family such as KIR.
Therefore, we are currently only able to provide quantitative indications of alternative
KIR splicing.

In this study, and in other studies that reported KIR isoforms (28-30, 36, 42, 43), the
splice variants were identified in whole blood samples, and might therefore give a
representation of the complete splicing profile. However, tissue-specific alternative
splicing has been reported, and suggests isoforms with a local specialized function
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(85). Especially in the brain, testis, and liver, increased alternative splicing events can
be identified, which mainly involved exon skipping and alternative splice sites. NK cells
that reside in tissues are reported in multiple organs, such as the intestines, lungs, liver,
spleen, lymph nodes, brain, eye retina, and uterus, and can be phenotypically and
functionally distinct from the NK cells in peripheral blood (86-93). The diversity of NK-
cell subsets in the different tissues includes selective expression of KIR, but might also
involve distinct alternative splicing profiles of the KIR genes. The regulation of tissue-
specific alternative splicing is complex, and involves the differential expression of
splicing factors and epigenetic modifications, such as methylation and histone
acetylation (94-96). In tissues that should dampen the immune response to avoid
inflammation, like the eye retina, or tissues that require high immune surveillance, like
the intestines and liver, alternative splicing might provide the required isoforms. Also
in the uterine tissue, phenotypically and functionally distinct NK cells (uNK cells) have
been identified that mainly express KIR2DL4, and are involved in pregnancy. This NK
cell subset can interact with the highly expressed HLA-G molecules in the uterus, which
are subjected to alternative splicing, to maintain the fetal-maternal interface and
induce cytokine production (97-99). Alternative splicing might modify the activity and
interactions of KIR2DL4 expressed on the uNK cells, for example, by skipping the
transmembrane region to generate soluble KIR2DL4 receptors (Figure 4), or by an
insertion of 67 bp that can regulate the presence of an inhibitory cytoplasmic tail
(Figure 5B).

Overall, we characterized the alternative splicing profiles of KIR genes in human and
macaque families, which provides an illustration of the potential formation of protein
isoforms. These posttranscriptional modifications might contribute to the complexity of
the KIR gene family of both species, human and macaque, and result in a wide structural
and functional variety of receptors that might be involved in health and disease.
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Supplementary material

Supplementary figure S1. Visualization of alternative splicing in Mamu-
KIR3DL20 transcripts by gel electrophoresis. In the left lane marker bands are
shown (top to bottom: 5000 bp, 2000 bp, 850 bp, 400 bp, 100 bp), and in the
right lane the PCR products of Mamu-KIR3DL20 are shown, using primers that
were designed at the boundary of exons 1/2 and at the end of exon 5. From top
to bottom, the product bands correspond with the constitutively spliced Mamu-
KIR3DL20 transcript, the Mamu-KIR2DLO5 transcript (exon 4 skipped), and the
transcript that was subjected to the excision of 415 bp (exon 4 and the first 115
bp of exon 5). The lowest band shows aspecific amplification. The sequences

- .
were confirmed by Sanger sequencing.

(Y «—— Mamu-KIR3DL20

v N <«<—— Mamu-KIR2DL05
- 3 <—— Mamu-KIR3DL20 -415 bp
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Supplementary table 1. Eighteen different splice events were observed for human KIR. For each KIR gene
for which a splice event was observed, an accession number is listed.

Splice mechanism Insertion/deletion size Gene Accession number
Exon skipping Deletion 294 bp (exon 5) 2DL2 LS974084
2DL3 LS974085
2DL5 LS974086
3DL1 LS974087
Deletion 51 bp (exon 6) 2DL1 LS974078
2DL3 LS974079
2DL4 LS974080
2DS2 LS974081
2DS4 LS974082
3DL2 LS974083

Deletion 104/105 bp (exon 7) 2DL4 LS974091, LS974092
3DL2 LS974090
Deletion 594 bp (exons 4 + 5) 3DL1 LS974088
3DL3 LS974089
Deletion 155/156 bp (exons 6 + 7) 2DL4 LS974093 ,LS974095
3DL2 LS974094
Deletion 158 bp (exons 7 + 8) 2DL4 LS974097
Deletion 209 bp (exons 6 + 7 + 8) 2DL4 LS974096
Alternative 3’ ss Deletion 150 bp 2DL3 LS974098
Inclusion 49 bp 2DL1 LS974099
Inclusion 170 bp 3DL1 LS974100
Alternative 5 ss Deletion 66 bp 2DL4 LS974103
Deletion 73/74 bp 2DL4 LS974105, LS974104
Deletion 198 bp 2DL4 LS974106
Inclusion 67 bp 2DL4 LS974101
Inclusion 129 bp 3DL2 LS974102
Alternative 3" + 5’ ss  Deletion 294 bp 2DL3 LS974108

2DS4 LS974107

3DL1 LS974110

3DL2 LS974109
Cryptic exon Inclusion 78 bp 2DL1 LS974111

2DL2 LS974112

2DL3 LS974113

2Ds1 LS974114
Inclusion 54/57 bp 2DL1 LS974115

2DS1 LS974117

2DS4 LS974077

2DS5 LS974116
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Supplementary table 2. Twenty-nine different splice events were observed for rhesus macaque KIR. For
each KIR gene for which a splice event was observed, an accession number is listed.

Splice mechanism Insertion/deletion size Gene Accession number
Deletion 300 bp (exon 4) 3DLO5 LRO30267
3DS05 LR030254
3DL01 LR030249, LR0O30461
3DLO2 LRO30261
Deletion 294 bp (exon 5) 30LO> LRO30491
3DLO7 LR030266
3DL10 LRO30478
3DL10A/3DL0O2 LR030248
o Deletion 51 bp (exon 6) 2DL04 LR030486
Exon skipping -
Deletion 53 bp (exon 8) 2DL04 LR030481
Deletion 594 bp (exon 4 + 5) 30L07 LRO3025>
3DL20 LR030240
3DL01 LR0O30258
3DLO5 LR0O30463
Deletion 446 bp (exon 5+ 6 + 7) 3DL07 LR030492
3DL10 LR0O30259
3DL10A/3DL02 LR030253
Deletion 115 bp (exon 6 + 7) 2DL04 LR0O30490
3DL01 LR030242
3DLO2 LRO30495
3DLO5 LRO30477, LRO30494
3DLO7 LR0O30264
3DL08 LR030260
3DL10 LR0O30466, LRO30469
Deletion 36 bp 3DS01 LRO30505
3DS02 LR030268
3DS03 LRO30503
3DS05 LR0O30251
Alternative 3" ss 3DSw08 LR030493
3DL02/3DLOSA LR030504
3DL20 LR0O30472
3DL02 LR0O30496
3DL08 LR030245
Deletion 216 bp 3DS05 LR030252
3DSw08 LR030474
3DL02/3DLOSA LR030243
Deletion 267 bp 3DLO5 LRO30497
3DS05 LRO30462
Deletion 27 bp 2DL04 LRO30487
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Supplementary table 2. Continued.

Splice mechanism Insertion/deletion size Gene Accession number
3DLO7 LR030265
3DLO8 LR0O30471
3DL10 LR0O30479

Deletion 115 bp 3DS03 LR030262
3DL02/3DLOSA LR030247
3DL10A/3DL0O2 LR030241
3DL20 LR0O30464

Alternative 3’ ss IbLo2 LRO30498

Deletion 150 bp 3DLw03 LR0O30476
3DL10 LR0O30480

Deletion 176 bp 3DL07 LR030256
3DL10A/3DL0O2 LR030250

Inclusion 109 bp (exon. 7) 2DL04 LR030483

Inclusion 147 bp (exon 7) 2DL04 LR030488

Inclusion 245/246 bp 30L07 LR030263
2DL04 LRO30489
3DL02 LR0O30499

Alternative S’ ss Deletion 198 bp 3DS05 LRO30467
3DL02/3DLOSA LR030244

Inclsuion 109 bp (exon 3) 2DL04 LR030484

Deletion 81 bp 3DS02 LR0O30502

Deletion 107 bp 3DS02 LRO30501
3DL08 LR0O30473

Alternative 3" and 5’ ss Deletion 141 bp 3DSw08 LR030475
3DL02/3DLOSA LR030246

Deletion 414 bp 3DS05 LR0O30500

Deletion 324 bp 3DL20 LR0O30468

Exon skipping and alt. 3" ss Deletion 415 bp 3DL20 LRO30465

Inclusion 88 bp 3DL01 LR0O30470

Cryptic exon Inclusion 147 bp (exon 5) 2DL04 LR0O30485

Inclusion 47 bp 3DL07 LR030257

Intron retention Inclusion 98/99 bp 2DL04 LR0O30482
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Supplementary table 3. Primer sets to amplify human and macaque intron sequences. In human, two
generic primer sets amplified most KIR2D genes. In macaques, different primer sets were used to amplify
certain regions of different KIR genes.

Macaque
Gene Region Forward Reverse Anneallnng # Of.
temp. (C°)  cycli
KIR3DL Exon 6toexon9  TCACCCACTGAACCAAGCTC ACAYGCTGGTATCTGTTGGG 62 30
KIR3DL Intron 4 to exon 9 TGGGGAAGTGAGGTCAGAGA  ACACGCTGGTATCTGTTGGG 62 32
KIR2DLO4 Exon5toexon9  ACATTCCAGGCTGACTTCCC  GCTGTGAAGCCGGTTTTGAG 62 32
KIR3DLO1 Exon5toexon9  TGACCTTGTCCTGCAGTTCC  GCTGTGAAGCCGGTTTTGAG 62 32
KIR3DL20 Exon 1tointron4 GCRTGTGTTGGGTTCTTCTTG TCCTGTTTCTCTACCTCTGTTGGT 62 32
Human
Gene Region Forward Reverse Annealmog # Of.
temp. (C°)  cycli
KIR2DL Exon 6toexon 9  TCACCCACTGAACCAAGCTC  GGGCAGGAGACAACTTTGGA 60 32
KIR2DS Exon 6to exon 9  TCACCCACTGAACCAAGCTC  TGCGTATGACACCTCCTGATG 60 32

Supplementary table 4. The Maximum Entropy Modeling Scan (MaxEntScan; MES) (68), the Position
Weight Matrix (PWM) via SpliceView (69), and the Human Splice Finder (HSF) were used to predict most
splicing strenght scores. If these tools failed to provide a splicing strenght score, the Weight Matrix Model
(WMM) (68) and NNSplice tool (71) were used. The definition of the 3" and 5’ splice site could differ between
the different models and are listed: + determine the number of nucleotides within the exon, and- display the
number of nucleotides within the intron. Also, the models define different score ranges, in which a higher
value always implies a better predicted splice site. Only the HSF model provided scores for the branch point
sequence (BPS), exonic splice enhancers (ESE), and exonic splice silencers (ESS).

Software tool 3’ ss definition 5’ ss definition  Splice strenght score range Additional elements
MES -20to +3 +3 to-6 -20to +20 -

PWM Sto+4 +3 to-6 0to 100 -

HSF -12to +2 +3to-6 0 to 100 BP, ESE, ESS

WMM -20to +3 +3 to-6 -20to +20 -

NNSplice tool -21to +20 +7 to-8 Otol -
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Abstract

Long-read sequencing approaches have considerably improved the quality and
contiguity of genome assemblies. Such platforms bear the potential to resolve even
extremely complex regions, such as multigenic immune families and repetitive
stretches of DNA. Deep sequencing coverage, however, is required to overcome low
nucleotide accuracy, especially in regions with high homopolymer density, copy
number variation, and sequence similarity, such as the MHC and KIR gene clusters of
the immune system. Therefore, we have adapted a targeted enrichment protocol in
combination with long-read sequencing to efficiently annotate complex KIR gene
regions. Using Cas9 endonuclease activity, segments of the KIR gene cluster were
enriched and sequenced on an Oxford Nanopore Technologies platform. This provided
sufficient coverage to accurately resolve and phase highly complex KIR haplotypes. Our
strategy eliminates PCR-induced amplification errors, facilitates rapid characterization
of large and complex multigenic regions, including its epigenetic footprint, and is
applicable in multiple species, even in the absence of a reference genome.

Introduction

Repetitive regions are difficult to resolve using short-read sequencing approaches,
and often remain registered for years as incomplete gaps in draft genomes (1-7). These
complex stretches often involve transposable elements, microsatellites, and multi-
copy gene clusters, the latter of which is represented by multiple gene families that
encode essential components of the immune system (8, 9). For example, the major
histocompatibility complex (MHC) genes, known in humans as human leukocyte
antigens (HLA) genes, are considered the most polymorphic gene cluster. The MHC
genes co-evolved with their receptors of the killer cell immunoglobulin-like receptor
(KIR) gene family, which also features striking levels of complexity (10, 11).

The fundamental limitations to characterizing these complex regions by short-read
sequencing strategies are potentially overcome by third-generation techniques that
generate high yields of long reads (12, 13). Oxford Nanopore sequencing may produce
reads far above 100 kb by recording changes in the electrical current as nucleotides
pass through synthetic nanopores. The data quality and throughput of nanopore
sequencing is improving rapidly, and has allowed the de novo assembly of multiple
human genomes (14-16). These genome assemblies contiguously span multigenic
clusters, such as the MHC and KIR gene regions, but correct annotation is hampered by
the relatively low coverage, which precludes at this stage an accurate allele level
resolution. Considering the important role of different multi-copy gene families in
health and disease, a cost-efficient and high-resolution characterization approach
regarding these types of regions is urgent.

Instead of whole genome sequencing, specific genes and regions might be enriched
during library preparation. For instance, the MHC class Il DRB gene region was enriched
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by long-ranged PCR, and characterized using a hybrid sequencing approach that
combined Illumina and Oxford Nanopore platforms (17). Amplification steps, however,
might introduce nucleotide errors during synthesis and, in addition, erase all epigenetic
footprints. An amplification-free enrichment technique involves Cas9-mediated
targeting of chromosome segments and nanopore sequencing (18-22). The Cas9
endonuclease activity may specifically excise genomic regions of interest that are
subsequently ligated to nanopore adapters. This allows the direct sequencing of
genomic segments while avoiding error prone DNA synthesis and maintaining
epigenetic modifications. Efficient and specific enrichment using this approach has
been demonstrated for single genes, including several cancer-related fusion genes
(21), but an application for multigenic regions is absent in the literature.

In this study, we adapted the Cas9-mediated enrichment potential to resolve
complex immune regions and validated this approach by the targeted characterization
of KIR gene clusters in two different primate species. We focused on the KIR region in
humans, which has been thoroughly characterized at the genomic level, and is
important, for instance, in AIDS susceptibility and transplantation biology (23, 24).
Rhesus macaques, however, represent a frequently used species in preclinical health
research concerning, for example, COVID-19 and AIDS (25-27), but the physical location
of the KIR genes is poorly understood. The KIR receptor family is involved in the
regulation of NK cell activity and comprises activating and inhibitory members that
may recognize particular epitopes on MHC class | molecules. A comprehensive
nomenclature system distinguishes the variety of KIR receptors, and reflects the
number of extracellular domains (KIR1D, KIR2D, KIR3D) and the length of the
cytoplasmic tail (long, L; short, S) (28, 29). Subsequent numbering defines structurally
similar but phylogenetically distinct genes (e.g., KIR2DL1), whereas three additional
digits distinguish allotypes (e.g., KIR2DL1*001). In humans, a total of 17 KIR genes are
defined, 1110 alleles of which are documented (IPD-KIR, release 2.9.0) (30).

The KIR gene repertoire is shaped by abundant tandem duplications, deletions, and
chromosomal recombination events, and exceeds the plasticity of the MHC gene
cluster (31-33). The KIR genes are 10 to 15 kb long and are arranged in a head-to-tail
manner, separated by intergenic regions of approximately 2 kb. Sequence similarity
characterizes the genetic cluster, with any two KIR genes sharing 80%—90% homology,
and allelic variants of a certain gene tend to be over 98% similar. The KIR haplotypes,
defined as a segregating unit of genes located on a single chromosome, distinguish a
centromeric and telomeric segment, which display diverse configurations and extensive
copy number variation. The KIR genes display a variegated expression pattern, which is
modulated by methylation of the promotor regions (34). For this study, we resolved six
human KIR haplotypes, derived from three randomly selected human donors, at an
allele-level resolution and additionally determined their methylation profiles.

The continuous evolution of the KIR gene system is reflected by the genomic
diversification at a species, population, and individual level. To validate our concept,
we enriched and assembled KIR haplotypes in rhesus macaques. So far, only two
completely sequenced rhesus macaque KIR haplotypes have been documented, but
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previous transcriptome and segregation studies indicate extensive variation (35-39).
Annotation of this complex immune region is a difficult enterprise, which is reflected
by a poorly annotated KIR region in the rhesus macaque reference genome (Mmul_10)
(40). Our genomic characterization of rhesus macaque KIR haplotypes demonstrated
the rapid construction of complex multigenic haplotypes, even in the absence of
reference sequences. Hence, adaption of this technique allows a speedy and cost-
efficient characterization of other immune regions, from which whole genome
assemblies and clinical implications might benefit.

Materials and methods

Cells and genomic DNA extraction

Human buffy coat samples from healthy donors were obtained from the Dutch
blood bank (Sanquin, the Netherlands). Informed consent was obtained from all
participants. Rhesus macaques with a characterized KIR transcriptome were selected
from the self-sustaining colony housed at the Biomedical Primate Research Centre
(BPRC) (28, 36). Heparin whole blood samples from these animals were obtained
during annual health checks. PBMCs were isolated from human buffy coats and rhesus
macaque heparin samples.

High-molecular-weight (HMW) gDNA was isolated from human and rhesus macaque
PBMC samples (+ 7 x 10° cells), using the Circulomics Nanobind CBB Big DNA Kit
(Circulomics, NB-900-001-01) and following the manufacturer’s instructions. The
concentration and purity of the gDNA samples were determined using a Nanodrop and
a Qubit platform. The (HMW) gDNA fragment length was determined by pulsed field
gel electrophoresis (PFGE) in reference to a lambda PFGE ladder.

Designing guiding crRNAs and constructing RNPs

For both humans and macaques, sets of generic and specific CRISPR RNAs (crRNA)
were designed within the KIR gene cluster and the flanking L/LR and FCaR genes by
using Benchling, a freely available online software tool (41). The crRNAs have a guiding
length of 20 bp, and are designed in front of a protospacer adjacent motif (PAM)
sequence “NGG”, in which “N” represents any nucleotide base. The software tool
provides on- and off-target scores for specific crRNAs. The on-target scores are based
on optimized calculations from Doench and colleagues, with the higher score indicating
the better crRNA target binding (42). The off-target scores reflect the specificity of the
crRNAs, and were based on different builds of the human (NCBI36, GRCh37, GRCh38)
and macaque (MMUL_1, Mmul_8.0.1) reference genomes (43). CRISPR RNAs with high
off-target scores were considered specific for one KIR gene. Relatively low off-target
scores (ranging from 3 to 60) were recorded for crRNAs that potentially target multiple
KIR genes and were included in the panel as putative generic crRNAs. In total, 54 and
45 custom crRNAs were selected to enrich the human and macaque KI/R gene cluster,
respectively (Sup. Table 1 and 2) (IDT, custom Alt-R® CRISPR-Cas9 crRNA).
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Sets of different crRNAs were pooled based on the different strand-directed
orientations (sense versus anti-sense) to avoid cleavage and the sequencing of
unintended short on-target fragments. The pools were defined to generate DNA
fragments that comprise KIR genes from exon 1 to exon 9, or fragments that connect
neighboring KIR genes (Sup. Table 1 and 2). The pooled crRNAs were mixed with trans-
activating crRNAs (tracrRNA) (IDT, #1072534) in a 1:1 ratio and further diluted in
Duplex Buffer to a final concentration of 10 uM. The crRNAs and tracrRNA were
annealed by heating the duplex solution for 5 min at 95 C, followed by cooling to room
temperature (RT) on a benchtop. To subsequently construct the Cas9 ribonucleoprotein
particles (RNPs), the crRNA-tracrRNA duplexes were assembled with HiFi Cas9
endonuclease (IDT, #1081060) in 1x NEB CutSmart Buffer (NEB, #B7204S) at a total
volume of 30 ul by incubating the solution for 30 min at RT. The Cas9 RNPs were stored
until use at 4 C for up to a week.

Cas9-mediated target enrichment and Oxford Nanopore sequencing

Throughout the protocol, unintended fragmentation of gDNA will decrease the
capturing efficiency and enrich off-target fragments. Therefore, samples should be
handled with care and processed with wide-bore pipette tips. Input gDNA (5-10 ug)
was resuspended in 10x NEB CutSmart Buffer (8:1) and dephosphorylated by incubation
with Quick calf intestinal phosphatase (CIP) (NEB, # MQ525S) at 37°C for 20 min,
followed by heating at 80°C for 2 min to deactivate the enzyme (Figure 1). After the
sample returned to room temperature, the dephosphorylated gDNA (30 ul) was gently
mixed with a Cas9 RNP pool (10 ul), 10 mM dATP (1 ul), and Taq polymerase (1 pl),
followed by incubation at 37 C for 60 min, then 72 C for 5 min, and hold at 4 C. Ligation
buffer (20 ul) and sequencing adaptors (5 ul) from the Ligation Sequencing Kit (ONT,
#LSK109) and Quick T4 DNA Ligase (10 ul) (NEB, M2200S) were added to the cleaved
and dA-tailed gDNA sample, followed by an incubation of 60 min at RT. Adapter-ligated
samples from the same individual, which were treated with different crRNA sets, were
pooled, and diluted (1:1) in TE buffer. The excess of adaptors and short DNA fragments
were removed using 0.3x AMPure XP Beads (Beckman Coulter, #A63881), which were
washed twice on a magnetic rack with Long Fragment Buffer (ONT, #LSK109). The
beads were eluted in 15 pl Elution Buffer (ONT, #LSK109). A sequencing library was
prepared by adding 37.5 ul Sequencing Buffer and 25.5 pul Loading Beads (ONT,
#LSK109) to the processed DNA sample. Eluted samples were sequenced on a R9.4.1
flowcell using an Oxford Nanopore MinlON device. Prior to sequencing, the flowcells
were primed according to the manufacturer’s instructions using the Flow Cell Priming
Expansion Pack (ONT, #LSK109). After 24 hours of sequencing, flowcells with over 500
active pores remaining were washed and reloaded with a second enriched library of
the same gDNA sample according to the manufacturer’s instructions using the Flow
Cell Wash Kit (ONT, #EXP-WSHO003).
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Figure 1. Library preparation of the targeted enrichment protocol. A schematic overview of the library
preparation to enrich a target region (blue). Freshly isolated HMW genomic DNA was dephosphorylated by
incubation with CIP for 20 min at 37°C. Subsequently, selected pools of RNPs (Sup. Table 1 and 2) were added
to aliquots of the dephosphorylated gDNA, and incubated for 60 min at 37°Cin the presence of Tag polymerase
and dATP, followed by incubation for 5 min at 72°C. The available phosphate groups at the terminus of the
targeted region were ligated to Nanopore adaptors during incubation with T4 ligase for 60 min at room
temperature (RT). The adapter-ligated aliquots were pooled, followed by clean-up with 0.3X AMPure beads.
The eluted sample was loaded on a flowcell for Nanopore sequencing.
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Sequence data analysis

Base calling and read quality assessment (min gscore 7) were performed using
Guppy V3.4.1 software on a Linux platform that utilized a GeForce RTX 2080 Ti graphics
processing unit (GPU). Base called reads were imported into Geneious Prime software
(v.2020.1.2) for further analysis. Exon libraries, including sequences of exons 3, 4, and
7 from the human and rhesus macaque KIR databases (IPD-KIR, release 2.9.0; IPD-
NHKIR, release 1.3.0.0), were used as references to map the Nanopore reads into
contigs based on similarity. Each on-target contig resembled a specific KIR gene or a
pair of neighboring KIR genes.

For each human individual, the haplotype configurations (e.g., cA01-tA01) could be
largely deduced from the read contigs generated by exon library mapping. On the basis
of this knowledge, the reads of a single flowcell were re-mapped to the complete
human reference genome (HG38), complemented with the particular KIR haplotype
configuration references, using minimap2 (version 2.17). Consensus sequences that
covered KIR genes from start to end, or that comprised segments of neighboring KIR
genes, were generated from the alignments based on 65% nucleotide similarity. The
consensus accuracy was determined by comparison to the reference haplotype. The
on-target coverage was resolved for each individual by mapping all reads with a read
length above 7,000 bp to the human reference genome (HG38) using minimap2 in
Geneious software. The enrichment factor was determined as the ratio of on- and off-
target mean coverage, and reflects the enrichment efficiency.

For each rhesus macaque sample, reads from the on-target exon contigs were re-
mapped to the contig consensus sequence using minimap2. Additional re-mapping
steps were performed using the generated consensus sequences to optimize accuracy
and diminish homopolymer errors. To further optimize these consensus sequences,
shorter on-target reads (< 7,000 bp) were included for consensus calculations. The
eventual consensus sequences were generated based on 65% nucleotide similarity.
The consensus accuracy was estimated by the alignment with exon references available
from previous KIR transcriptome studies (IPD-NHKIR, release 1.3.0.0). On-target
coverage was defined by mapping all reads with a length of 7,000 bp or more to the
rhesus macaque reference genome (Mmul_10), which was complemented with the
appropriate assembled KIR haplotypes, using minimap2 in Geneious software.

DNA modification profiles

Raw signal data including information on DNA modifications, such as methylation,
were processed using Guppy V4.0.12 software with the dna_r9.4.1 _450bps_
modbases_dam-dcm-cpg_hac.cfg configuration and fast5_out flag. Multi-read fast5
files were converted to single-read files using multi_to_single fast5 provided by ONT.
The base called reads were mapped to a reference genome using minimap2, and
subsequently called for modifications using Nanopolish (44). The methylation likelihood
and frequencies were visualized by Methplotlib (45)d, using an annotated reference
genome. When the reference genome did not contain the appropriate KIR genes, like
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Mmul_10 for all macaque individuals, methylation calls were annotated using a
modified reference genome, which was complemented with the newly assembled
haplotypes as artificial chromosomes.

Results

A ‘tiling’ approach to enrich complex immune clusters without amplification

The characterization of large and repetitive immune regions requires the generation
and sequencing of genomic DNA (gDNA) fragments that share overlapping segments.
Allelic variation in these overlaps allows the phasing of haplotypes. To achieve this
goal, dephosphorylated high molecular weight (HMW) gDNA needs to be cleaved,
using sets of CRISPR RNAs (crRNA) in complex with Cas9 endonuclease (Figure 1).
These crRNAs are designed to target conserved stretches that are shared by members
of a multigenic family. This approach will allow generic enrichment. Only at the
terminus of the cleaved target sites is a phosphate group available, which is utilized for
dA-tailing and subsequent ligation to Nanopore sequencing adaptors. This ‘tiling’
approach facilitates the selective enrichment of large overlapping DNA-segments, and
allows the subsequent sequencing of polymorphic and multigenic immune regions
without the need for amplification.

Enrichment of complex KIR regions

To validate our approach, the KIR gene regions in humans and rhesus macaques
were enriched and characterized (Figure 2). The nature of KIR gene complexity required
the design of species-specific sets of crRNAs to enrich complete genomic clusters
(Figure 3; Sup. Table 1 & 2). In humans, the presence of four framework genes with
distinctive physical locations marks the centromeric (K/IR3DL3 and KIR3DP1) and
telomeric (KIR2DL4 and KIR3DL2) haplotype segments (Figure 2). Expansion and
contraction of both regions resulted in haplotypes that contain 9 to 14 KIR genes,
including two pseudogenes (KIR2DP1 and KIR3DP1). Important to note, however, is
that some genes that are present on a given KIR haplotype may be absent from another.
Human KIR haplotypes can be roughly categorized based on their gene content, into
those with more an inhibitory (group A) or an activating (group B) gene profile (46).
Recombination events, possibly owing to the high transposon density, might rearrange
haplotype organizations (Figure 2). To determine the high content variability of this
genetic cluster, 35 generic crRNAs were designed to target the differential presence of
human KIR genes that may be encountered on a haplotype, whereas 12 crRNA were
specific for one particular framework gene (Figure 3A; Sup. Table 1). In addition, seven
crRNA were included to target the genes that flank the KIR gene cluster (LILR and
FcAR), in order to define both ends of the KIR haplotype.

The KIR haplotypes in rhesus macaques display even more content diversity, with 4
to 17 KIR transcripts encoded as defined by segregation studies (35, 36). The only
framework gene present on all haplotypes is KIR3DL20, which marks the centromeric
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region (Figure 2). Only two other KIR genes are differentially located within this
haplotype segment (KIR1D and KIR2DP). The only macaque KIR ortholog that is shared
with humans, KIR2DL04, is present on approximately 80% of the telomeric haplotype
segments. This haplotype region is further characterized by a differential number of
KIR genes in highly diverse frequencies. To enrich the macaque KIR cluster, we designed
24 generic crRNAs that target the variable gene tandem, and complemented those
with crRNAs specific for KIRID, KIR2DLO4, and KIR3DL20, and the flanking genes,
LILRA6 and FcAR (Figure 3B; Sup. Table 2).

Assembly of human KIR haplotypes

For this communication, the human target region was defined at the start of exon 5
of LILRP2 to the end of exon 1 of FCAR, thereby comprising the complete KIR haplotype
(Figure 2). On the human reference genome (HG38), this target region spans
approximately 161 kb and contains nine KIR genes, one of which encodes an activating
KIR (group A haplotype). To account for the variability of KIR haplotype configurations,
four additional reference sequences, which were assembled by Fosmid sequencing
and reflected different KIR genotypes, were included in our panel (47). In total, five
reference KIR regions were used to assemble captured reads and to determine
sequence accuracy.

For each of the three randomly selected human individuals, two Nanopore flowcells
were loaded with HMW gDNA samples that were enriched either for fragments that
comprise a complete KIR gene or fragments that connect and distinguish neighboring
KIR genes. An average of 1.26 million Nanopore reads were yielded per flowcell
(Table 1). Of these reads, 4.2% to 19.3% had a length of 7,000 bp or longer, which is
required to connect and distinguish neighboring KIR genes. The percentage of size-
selected reads that mapped to the target region ranged from 1.6% to 2.5% (+ 4,015
reads), which provided a median coverage ranging from 269 to 323X. The enrichment
factor, which reflects the efficiency of the targeted enrichment, ranged from 215 to
394X. The length of the consensus sequences that were generated from the on-target
reads ranged from 6.5 to 29.7 kb, and their assembly covered complete reference KIR
haplotype configurations (Figure 4A, 4B, and 4C). The consensus accuracy compared
to the reference sequences ranged from 96.7% to 99.9%.

The centromeric and telomeric regions were completely assembled and grouped
into four different segment configurations (cA01, cB02, tAO1, tBO1). Phasing of
complete KIR haplotypes was achieved in two individuals, including a homozygous
haplotype configuration using allele level resolution (Figure 4A, 4B and 4D). This result
demonstrates the resolution power of our approach. For another homozygous setting,
KIR haplotypes were phased for all genes, except for KIR2DL1 (Figure 4C). This gene
was identical on both haplotypes, and defined a SNP desert (25 kb) that hampered
complete phasing (Figure S1). The largest completely assembled and phased haplotype
comprised 11 KIR genes and covered a total of approximately 176 kb (Figure 4B).
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Table 1. Overview of the total reads, read length, on-target hits, and the coverage of the target region in
human samples.

Gene fragments (flowcell 1)

#1 #2 #3
Total # reads 789705 1175600 1413919
Total # reads > 7.000 bp 57830 49535 59575
Percentage reads > 7.000 bp 7.3 4.2 4.2
Average read length (bp) 2603 2114 2092
Average read length (bp) of reads > 7.000 bp 13410 10895 13317

Gene to gene fragments (flowcell 2)

#1 #2 #3
Total # reads 1060000 1078502 2012903
Total # reads > 7.000 bp 204797 152372 108688
Percentage reads > 7.000 bp (%) 19.3 14.1 5.4
Average read length (bp) 5062 3728 2021
Average read length (bp) of reads > 7.000 bp 17206 13327 13455

Total reads (flowcells 1 and 2)

#1 #2 #3
On-target reads (> 7.000 bp reads) 4470 3308 4268
Percentage on-target reads 1.7 1.6 2.5
Mean coverage target region 323 269 315
Enrichment factor 215 299 394

Assembly of rhesus macaque KIR haplotypes without reference genome

The successful deciphering of highly variable rhesus macaque KIR haplotypes
validated our enrichment and characterization approach further, even in the absence
of genomic reference sequences. The haplotype content was initially determined by
previous transcriptome and segregation studies (35, 36), but the physical location of
KIR genes remained elusive. The target region was defined at the start of exon 7 in
LILRA6 to the end of exon 2 in FCAR, thereby comprising the complete rhesus macaque
KIR cluster. This region covered 330 kb on the rhesus macaque reference genome
(Mmul_10). Ironically, the KIR gene cluster is poorly assembled and annotated on this
reference genome and is at present not suitable as a reference to assemble KIR
haplotypes.

The rhesus macaque KIR cluster was enriched from samples of three animals. One
or two flowcells were used to enrich fragments that comprised KIR genes from start to
end, or connected neighboring KIR genes. A range of 2.5% to 36.3% of the total reads
had a read-length of 7,000 bp or longer (Table 2). The percentage captured on-target
reads ranged from 0.5% to 4.2% (Table 2). The mean coverage of the target region was
determined by mapping all reads to the reference genome (Mmul_10), which was
complemented with the assembled KI/R haplotypes as artificial chromosomes and
reached 26X to 91X. The enrichment factor ranged from 128X to 637X. Consensus
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Table 2. Overview of the total reads, read length, on-target hits, and the coverage of the target region in
rhesus macaque samples. *For #3, a single flowcell was used for all different crRNA pools, generating
fragments containing a KIR gene from start to end, and fragments that span from one kIR gene to another.

Gene fragments (flowcell 1)

#1 #2 #3
Total reads 252981 453649 2208000
Total reads > 7.000 bp 25062 54772 55490
Percentage reads > 7.000 bp 9.9 121 2.5
Average read length (bp) 3098 3375 1978
Average read length (bp) of reads > 7.000 bp 11258 11875 9319

Gene to gene fragments (flowcell 2)

#1 #2 -
Total reads 48586 20956 -
Total reads > 7.000 bp 5179 7607 -
Percentage reads > 7.000 bp (%) 10.7 36.3 -
Average read length (bp) 2884 7110 -
Average read length (bp) of reads > 7.000 bp 12226 14789 -

Total reads (flowcells 1 and 2)

#1 #2 #3
On-target reads (> 7.000 bp reads) 1070 1005 292
Percentage on-target reads 4.3 1.8 0.5
Mean coverage target region 60.8 91.8 26.8
Enrichment factor 637 404 128

sequences were generated, which displayed lengths ranging from 7.2 to 20.0 kb. The
accuracy of the consensus sequences is estimated by a comparison with rhesus
macague exon sequences extracted from the non-human KIR Database (IPD-NHKIR,
release 1.3.0.0), and reached 96.7% to 100% similarity at these coding regions.

An allele level resolution allowed the phasing of six rhesus macaque KIR haplotypes
(Figure 5). Even with a single flowcell, sufficient coverage was reached to define
haplotypes at an allele level resolution (Figure 5C). The largest haplotype contained 16
KIR genes and spanned 280 kb (H15). The different allelic copies of KIR3DL0O1, KIR3DLO7
and KIR3DS01 that could be distinguished on this extended haplotype suggests its
generation by multiple chromosomal recombination events. The shortest KIR haplotype
encoded five KIR gene members (H10). A fusion gene, which consists of segments from
two distinct KIR genes, and that are occasionally generated by chromosomal
recombination events, was identified on H14 (KIR3DL20*030R) (Figure 5A). These
recombined entities often remain undetected by current genotyping approaches.

Methylation profile of the multigenic KIR region

Amplification-free enrichment and nanopore sequencing allow the characterization
of DNA modification profiles. KIR genes display a variegated expression on NK cells and
subsets of T cells, which is tightly regulated by methylation of the promotor region
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(34). Therefore, we have investigated whether we could determine methylation
signatures for the KIR gene region. The modification likelihood (low, blue; high, red)
was defined for all positions on individual reads that mapped to the KIR cluster
(Figure A and B, top part). Based on up to 100 reads, the frequency of modification
was determined for different KIR gene promotor regions (Figure 6A and B, black line at
the bottom part). A high modification likelihood and frequency was determined for the
promotor region of all KIR genes in the human samples (Figure 6A). The modification
frequency of the complete intergenic region ranged from 62% to 93% and seems to
slightly increase in the proximal promotor adjacent to exon 1. The intergenic regions in
the rhesus macaque KIR cluster also displayed high likelihood and frequency of
modification (Figure 6B). However, the slight increase of modification frequency at the
proximal promotor is not observed. Because all DNA samples were isolated from
peripheral blood lymphocytes, the high methylation frequency is in line with scare
expression of KIR on most prominent lymphocytes. The true resolution power of this
approach would emerge using isolated cell populations or single-cell clones.

Discussion

Most multigenic regions are subjected to complex evolutionary processes, in which
species-specific gene duplications, deletions, and recombination events shape a
genetic cluster. Immune gene families, such as KIR and MHC, diversified under selective
pressure by a continuous arms race with pathogens, and individuals might benefit
from extensive variation at the population level (48). The high gene content diversity
and sequence similarity challenges rapid genomic characterization of these multigenic
families.

We make available a rapid enrichment and characterization approach for complex
immune regions, which overcomes many of the limitations of short-read or whole-
genome sequencing. The Oxford Nanopore MinlON sequencing device and flow cells
are relatively inexpensive. This makes the descirbed method widely accessible to

Figure 4. Enrichment and phasing of human KIR haplotypes. Human donors 1, 2, and 3 were randomly
selected, and displayed one heterozygous (#2) and two homozygous (#1, #3) KIR haplotype configurations.
Consensus sequences (black bars) that covered KIR genes from start to end, or that comprised segments from
neighbouring KIR genes, were mapped to corresponding haplotype references derived from the human
reference genome (HG38) or from previous Fosmid sequencing studies (Roe et al. 2017). The consensus
sequence length and accuracy are indicated. Colored columns indicate the mapped regions, in which a darker
color illustrates overlapping consensus sequences. KIR haplotypes were completely phased in two individuals
(A, B). The third individual shared an identical KIR2DL1 gene on both haplotypes, which located an extended
SNP desert (25 kb; Figure S2) (C). KIR haplotypes of this individual were phased at all genes at an allele level
resolution, except for the KIR2DL1 gene. Four differential KIR region configurations from three randomly
selected donors were resolved. Based on allelic polymorphism, each of these haplotypes appears to be
unique (D). In addition, three new variants of documented alleles were defined, which are indicated with
“like”.
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Figure 5. Enrichment and phasing of rhesus macaque KIR haplotypes. For rhesus macaque samples (#1, #2,
and #3), the KIR gene content was determined by a combination of transcriptome and segregation studies
[32-34]. Our approach resulted in an accurate annotation of the complex KIR regions present in these animals.
Consensus sequences (black bars) that covered KIR genes from exon 1 to exon 9, or that comprised segments
from neighboring KIR genes, were assembled. The physical order of KIR genes at the haplotype was determined
by the extensive overlaps and the alignment with exon sequences from the IPD-NHKIR. The consensus
sequence lengths are indicated. Phasing was achieved for all haplotypes, and reflected six different
configurations (A, B, C). For each sample, haplotypes were sorted out at an allele level resolution (D). One new
allele was defined for KIR3DLO1 (H27), which is indicated with “like”.
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laboratories without the need for dedicated sequencing facilities, which contrasts
other long-read sequencing platforms, such as PacBio sequencing. Extensive diversity
in gene content of multigene families was resolved by targeting long overlapping
genomic fragments that covered genes from start to end, or that contained segments
of neighboring genes. These enriched fragments display a median length of
approximately 10 kb with outliers up to 25 kb, which is in line with the expected target
fragments. Isolation of longer fragments might be achieved using Cas9-enrichment but
was not required for this study design. Efficient targeting was based on using generic
crRNAs, which yielded a relatively high median coverage at the region of interest and
allowed the generation of accurate consensus sequences. Most inaccuracies involved
homopolymers, here defined as a stretch of three or more identical bases, which
simultaneously impact the current measured by the nanopore. The consensus
sequence accuracy was, however, sufficient to define alleles and to phase complex KIR
haplotypes. Only at large identical stretches in which overlapping fragments lack allelic
variation might this technique hamper the phasing of haplotypes (Figure S1). These
SNP deserts might be resolved by additional crRNAs that flank the identical stretch. In
addition, the continuous improvement of library preparation chemistry, base-calling
algorithms, and post-sequencing correction software might eventually increase the
length of enriched fragments and the accuracy of nanopore sequencing.

The target coverage was sufficient for the characterization of KIR haplotypes at the
allele level resolution, but the enrichment performance displayed some deviations in
the different samples (Tables 1 & 2). The variance in total read numbers and read
length is likely to be affected by flowcell variations, gDNA sample quality and short read
clean-up efficiency during library preparation. Despite the deviations in read counts,
the on-target coverage was sufficient, even when only a single flowcell was used
(Table 2, #3; Figure 5C). Further optimalization of the enrichment protocol, by
designing additional crRNAs or by enhancing the Cas9 efficiency with improved
chemistry, might provide higher on-target coverage. Samples might then be multiplexed
on a single flow cell to further reduce the costs of KIR cluster characterization.
Nonetheless, the current approach already ensured highly accurate and overlapping
consensus sequences that cost-efficiently resolved complete human and macaque KIR
haplotypes at an allele level resolution (Figure 4D & 5D).

The KIR receptors display a selective and variegated expression on the cell surface
of NK cells and subsets of T cells (49, 50). The majority of these cells only express a
single KIR gene, whereas smaller fractions might have two to four KIR receptors on
their cell surface. This selective expression pattern is most likely regulated by
methylation of the promotor region, which is initiated during NK cell differentiation
(51). The high modification frequency of the KIR promotor regions (Figure 6) indicates
low levels of expression in the characterized samples (34). Our HMW DNA samples
were isolated from whole blood, which includes only a small fraction of KIR-positive
cells that might display hypomethylated promotor regions. Nevertheless, the epigenetic
modification of members from highly complex multigenic families could be determined
using our approach.
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Figure 6. DNA modification profiles. DNA modification profiles are displayed for one human (sample #2) (A)
and one rhesus macaque (sample #2) (B) KIR gene. The epigenetic predictions were calculated with up to 100
randomly selected reads per enriched KIR segment. Indicated are the modification likelihoods (red, high; blue,
low), the modification frequency, which ranges from 0 to 1, and the annotation that is based on the
(complemented) reference genomes (HG38 and Mmul_10). Plots were generated by Methplotlib (De Coster
et al. 2020). The KIR promotor region, which is approximately 300 bp in front of exon 1 (Chan et al. 2003), is
highly modified for human KIR3DS1 (A) and macaque KIR3DLWO3 (B), with modification frequencies ranging
from 85 to 95%. These two regions are representative for all other KIR gene regions studied in our human and
rhesus macaque cohorts.
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Resolving complete multigenic haplotypes and their epigenetic profiles at the allele
level resolution might provide biological and diagnostic insights into the role of these
complex systems in health and disease. This is thoroughly demonstrated for different
combinations of KIR and HLA that might have an impact on human health, susceptibility
or resistance to disease, or may affect graft survival success in transplantation biology
(23, 24,52). There is, however, a lack of consensus from these association studies. One
of the causes that might explain these contradicting outcomes is the predominant
strategy to characterize common structural motifs, such as centromeric and telomeric
KIR haplotype segments, thereby simplifying the plasticity of these immune regions.
Using our rapid enrichment and sequencing approach, more comprehensive
associations might be defined based on completely defined haplotypes at the allele
level resolution.

Members of multigenic families often encode components of essential immune
responses and exhibit extensive copy number variation and allelic polymorphism. The
continuous diversification and selection of these genes enables adaption to pathogens
but might also generate candidates that enhance susceptibility to immune-related
disorders. These adaptions might involve SNPs that are mapping in coding regions,
whereas others are not, and may impact, for instance, gene (expression) regulation
and alternative splicing potential. This enrichment technique fosters a cost-efficient
and rapid strategy to characterize complex immune-receptor families at an allele level.
Insights regarding complex immune clusters might provide a comprehensive
perspective on biological interpretations, and lift SNP disease association studies from
the allele to the haplotype/region level, in which all polymorphisms are considered.
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Supplementary materials

Supplementary Table I. Overview of crRNAs to enrich for the human KIR gene region. Benchling software
was used to predict potential crRNA sequences for the KIR gene region [43]. The different crRNAs are
combined into four different pools. All target sequences were followed by an NGG PAM. The on-target score
is determined by the optimized metric of Doench, et al. [44].

On-
# Pool Target gene(s) Cut site Direction crRNA sequence target
score

Gene to gene fragments: Generic crRNAs

1 1 KIR2DL/S, KIR3DL/S, KIR2DP1,  Intron 3 Reverse CATAGAAAGATGGAGATGTG  71.1
KIR3DP1

2 2 KIR2DL/S, KIR3DL/S, KIR2DP1,  Intron 3 Forward ~ TGTGAGCAAAGTCAGCATGG 73.9
KIR3DP1

3 2 KIR2DL/S, KIR3DL/S, KIR2DL4,  Intron 4 Reverse GACAAGGAAGAACCTCCCTG  76.0
KIR3DP1

4 1,2 KIR2DL/S, KIR3DL/S, KIR2DL4,  Intron 2 Forward =~ TGTGATTACACTGAGCCCAG 74.7
KIR2DP1, KIR3DP1

5 1,2 KIR2DL/S, KIR3DL/S, KIR2DP1,  Intron 2 Forward ~ CCTATGTGGATGGAGCCTGG 71.7
KIR3DP1

6 1,2 KIR2DL/S, KIR3DL/S, KIR2DL4, ~ Exon 4 Reverse CATGTACCATCTATCCAGGG  71.8
KIR2DP1

7 1,2 KIR2DL/S, KIR3DL/S, KIR2DP1,  Exon 3 Reverse GCATCTGTAGGTCCCTGCAA  70.1
KIR3DP1

8 1,2 KIR2DL/S, KIR2DP1 Intron 3 Reverse CCTGTGATGACGATGTCCAG  73.6

9 1,2 KIR2DL/S, KIR2DP1 Intron 4 Forward ~ AGCGGTCAGGAGAGACCCAG 65.8

10 1,2 KIR2DL/S, KIR2DP1 Intron 4 Forward CAAACTCATGACCTCAACTG 72.8

11 1,2 KIR2DL/S, KIR2DP1 Intron 4 Forward =~ ACCTTGAAGTCTCAAGACAG 66.4

12 3 KIR2DL/S, KIR3DL/S, KIR2DL4, ~ Exon/Intron 4 Forward =~ CCTGTGACAGAAACAAGCAG 75.4
KIR2DP1, KIR3DP1

13 3 KIR3DL/S Intron 5 Reverse GGTGAATGGATAGAGAACTG 79,2
14 3 KIR3DL/S Intron 5 Forward =~ TTCCTACCAACAGGGTACCA 61.0
15 3 KIR3DL/S Intorn 5 Forward GGAGATACAGATAGATCATG 71.4
Gene to gene fragments: Specific crRNAs

16 1 KIR3DL3 Exon 4 Reverse TGACCTGGGAACCCGCATCG 71.4
17 1 KIR3DL3 Intron 3 Reverse CCTATGTGGATCGAGCCTGG 72,9
18 1 LILRP2 Exon 2 Forward =~ GCATTACACGAACTTCCCCT 69.8
19 1 LILRP2 Intron 3 Forward ~ GGAGGTGTCAGCTCAGAACG 73.6
20 1 LILRP2 Exon 3 Forward CAAATTCACTCTGTACAAGG 715
21 1 FCcAR Intron 2 Reverse CCGACAGTATTAGATCATTG 67.1
22 1 FCAR Intron 2 Reverse GAGGAACTAAGAGAACCAAG  69.3
23 1,2 KIR2DL4 Intron 6 Forward ~ TAGGCACAACTCCCACACTG 76.0
24 1,2 KIR2DL4 Intron 3 Forward ~ TGGGCTCAGTGTAATCACAA 7473
25 1,2 KIR3DP1 Exon 5 Reverse CCTGCCTTAACCATGGGGCG  58.3
26 1,2 KIR3DP1 Exon 5 Reverse CTAAGGTCTGACCACTCGTA 59.8
27 1,3 KIR2DL4 Intron 6 Reverse TCTACACTCAGCTTCCCGAG  74.8
28 1,3 KIR3DL2 Intron 6 Forward ~ GATAAGAGGCATGAGCCACG 72.8
29 1,3 FcAR Intron 6 Reverse ACTGTGCTCAARATTACATCA 72.2
30 1,3 FcAR Intron 2 Reverse GACAACCACACAATAATAGG (9.2
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Supplementary Table I. Continued.

# Pool Target gene(s) Cut site Direction crRNA sequence g:get
score
Gene fragments: Generic crRNAs
31 4 KIR2DL/S, KIR3DL/S, KIR2DP1,  Exon/Intron 1 Forward  TGTGTTGGTGAGTCCTGGAA 67.7
KIR3DP1
32 KIR2DS, KIR3DL/S Intron 1 Forward  TGAGTCCTGGAAGGGAATCG  66.3
33 4 KIR2DL/S, KIR3DL/S, KIR2DP1,  Intron 1 Forward ~ GTGGAGATATAGGCCTGGAG 63.3
KIR3DP1
34 4 KIR2DL/S, KIR3DL/S, KIR2DP1, ~ Exon 9 Reverse TCAAGTGAARATGGAGAATTG  60.1
KIR3DP1
35 4 KIR2DL/S, KIR3DL/S, KIR2DP1 3" UTR Reverse AGGTGGAACAGCATGAGGGA  63.2
36 4 KIR2DL/S, KIR3DL/S, KIR2DP1,  Exon 9 Reverse TTTCTCTCCAGCAGGCAGTG  66.4
KIR3DP1
37 4 KIR3DL3, KIR2DL4 Exon 9 Reverse CTCCCTAGAAGATCCCATCA  64.7
38 4 KIR2DL, KIR2DP1 Intron 1 Forward =~ CCAAGACTCACAGCCCAGTG 67.0
39 4 KIR2DL, KIR2DP1 Intron 1 Forward  TTGGGTGCAGGTAGGCACTG 63.9
40 4 KIR2DS, KIR2DP1 Intron 2 Forward ~ ACTAGGAAGAGGGGACCCTG 70.7
41 4 KIR2DL/S Intron 1 Forward ~ CAAGACTCACAGCCCAGTGG 63.4
42 4 KIR3DL Intron 2 Forward  GTCAAGCTCTGTGAAGACTG 72.8
43 4 KIR3DL, KIR2DL4 Intron 2 Forward ~ AGCAGGTCCTCTGAGGACAA 67.9
a4 4 KIR3DL3, KIR2DL4 Intron 2 Forward ~ ACCCTCCAGCGTTTCCATGA 62.4
45 4 KIR2DL Exon 9 Reverse TACACGATGATATCTGTTGG 727
46 4 KIR2DL/S, KIR3DL3, KIR2DP1 Exon 9 Reverse GTACATGGGAGCTGGCAACC  63.7
47 4 KIR2DL/S, KIR3DL/S Intron 8 Reverse GGGARATGCTGAGTGAGGGA  64.6
48 4 KIR3DL, KIR2DL4 Intron 7/Exon 8 Reverse ACAGCAGCATCTGTAGGAGA 63.7
49 4 KIR2DL, KIR3DL/S, KIR2DL4, Intron 8/Exon 9 Reverse TTCATCAGAGTCCTGGAGAG  62.3
KIR2DP1
50 4 KIR3DP1 Intron 8 Reverse CATTGACCTTGGGCACTGCA  62.9
Gene fragments: Specific crRNAs
51 4 KIR2DL4 5 UTR Forward ~ AATTCAATCGTCCCGTGCAG 62
52 4 KIR2DL4 5 UTR Forward  TGTGTGTTGAGAAGATCATG 73.2
53 4 KIR2DL4 3’ UTR Reverse GGARAGGTGGAACAGCACGA 787
54 4 KIR3DL2 Intron 1 Forward ~ CTTGGCAGCAGGTAGCAGGG 73.3

170



Targeted KIR cluster characterization

Supplementary Table Il. Overview of crRNAs to enrich for the rhesus macaque KIR gene region. Benchling
software was used to predict potential crRNA sequences for the KIR gene region [43]. The different crRNAs are
combined into six different pools. All target sequences were followed by an NGG PAM. The on-target score is
determined by the optimized metric of Doench, et al. [44].

# Pool Target gene(s) Cut site Direction crRNA sequence ?ar:get
score
Gene to gene fragments: Generic crRNAs
1 1 KIR2DL0O4, KIR2DP, KIR3DL20, Intron 4 Forward  GACAAGGAAGAACCTCCCTG 76
KIR3DL/S
2 1 KIR1D, KIR2DLO4, KIR1D, Exon 5 Forward =~ CATGTACCATCTATCCAGGG 72
KIR3DL/S
3 1 KIR1D, KIR2DP, KIR3DL/S Intron 4 Forward ~ CAGACCAGGTGTCATAACAG 72
4 1 KIR2DLO4, KIR3DL20, KIR3DL/S  Intron 3 Reverse GAARATTATCACAAACATGG 70
5 1 KIR1D, KIR2DP, KIR3DL/S Intron 4 Reverse CGGCATCTGTAGGTGCCACA  66.5
6 2 KIR3DL20, KIR3DL/S Intron 3 Forward  AGATGGAGGGACCTGCACCA 76
7 2 KIR1D, KIR2DP, KIR3DL/S Intron 5 Forward ~ ATAACAGAGGACAGACACAG 81.2
8 2 KIR1D, KIR2DP, KIR3DL/S Intron 5 Forward  CAGACCAGGTGTCATAACAG 77
9 1,2 KIR2DLO4, KIR3DL/S Intron 3 Reverse TCCACCTTCAAAGCCCACAG  72.6
Gene to gene fragments: Specific crRNAs
10 1 KIR3DL20 Exon 4 Reverse CCTATGATCACGATGTCCAG 71
11 2 KIR2DLO4 Intron 5 Reverse CCTAAAAAGAGAACTTCCAG 71
12 3 LILRA6 Intron 6 Forward ~ GGGAGGACTGAAATGAGATA 61.5
13 3 KIR2DLO4 Intron 5 Reverse AATTAGTACAACTTTCACAG 74
14 4 KIR2DLO4 Intron 1 Forward ~ AGATTCGGGGTCTCCCAACA 70.4
15 4 KIR2DLO4 Intron 1 Forward  AGTGAACGTTCAGCCCAGCG 70
16 4 FcaR Intron 2 Reverse CCTTTARATGAAGTGACAGG  66.6
17 1,2,4 FcaR Intron 2 Reverse TGGGCAGTCTAACACAGGCA 67.5
18 1,2,4 FcaR Intron 2 Reverse CTTCATGGGCAGTCTAACAC 62
19 1,2,4 KIRID Exon 3 Reverse CTGTGACCATGATCGCCAGG  78.3
20 1,3 LILRA6 Intron 6 Forward AGACTGAGGATAGAAGATGG 72
21 1,3 LILRA6 Intron 6 Forward AGGACTGAAATGAGATACGG 72




Supplementary Table II. Continued.

# Pool Target gene(s) Cut site Direction crRNA sequence ?ar:get
score
Gene fragments: Generic crRNAs
22 5 KIR3DL20, KIR1D, KIR3DL/S 3" UTR Reverse GGACTAGGAAGTAAGCCAGT 63
23 5 KIR3DL20, KIR1D, KIR3DL 3" UTR Reverse ACGTTCAGATTCGTGGTGTG 63
24 5 KIR3DL20, KIR2DLO4, KIR3DL/S 3’ UTR Reverse CTGARARATCGTCTGAGGGG 64
25 5 KIR3DL20, KIR1D, KIR2DL0O4, 3" UTR Reverse AGGTGGAACAGCATGAGGGA  63.7
KIR3DL/S
26 5 KIR3DL20, KIR2DL0O4, KIR3DS 3" UTR Reverse AAGACTGAAAAATCGTCTGA 63.3
27 5 KIR1D, KIR3DL/S 5" UTR Forward GGTCAGCACGTCAACTGCAT 614
28 5 KIR3DL/S 5" UTR Forward TGGTCATAGTGAAGGACACA 66
29 5 KIR3DL 3" UTR Reverse ATGTTCAGATTCGTGGTGTG 63
30 6 KIR3DL20, KIR1D 3" UTR Forward CATCCARARATGCAGCACAT 67
31 6 KIR3DL20, KIR3DL/S Intron 7 Reverse ARGTCATCAAAACAGCTGGG  76.4
32 6 KIR3DL20, KIR1D, KIR2DL0O4, Exon 9 Reverse GTGCGTATGTCACCTCCTGA 61.8
KIR3DL/S
33 6 KIR1D, KIR3DL/S Exon 2 Forward CAGAGGGCCTGTCCACACAC 68.7
34 6 KIR1D, KIR2DL0O4, KIR3DL/S Intron 2 Forward TAGGAACAGCAGGTCCTCTG 67.3
35 6 KIR3DL Exon 9 Reverse TGGAAGTTCCGTGTACACGC 61.6
36 6 KIR3DL Exon 9 Reverse TTTTTCCCTGTGTGAGAACG  66.7
Gene fragments: Specific crRNAs
37 5 KIR2DLO4 5 UTR/Exon 1 Forward CACCAAGTCCATGTCGCCCA  61.1
38 5 KIR2DLO4 5" UTR Forward GCAGTGTTCCGGTATCAAGT (2.8
39 5 KIR3DL20 5" UTR Forward TGGCAATAGTGAAGGATGCA 62.4
40 5 KIR3DL20 5" UTR Forward TACGTCATCCTCTCATGATG 61.2
41 6 KIR2DLO4 5" UTR Reverse TACGAACARACTGAATCCCG 70
42 6 KIR2DLO4 5" UTR Reverse ATGATCTTCTCAATACATGT 62.5
43 6 KIR3DL20 Intron 2 Forward ACATGAGGCAGGCAGCACAA 70.3
44 6 KIR3DL20 Intron 2 Forward GATGATTTTCTTGAAACATG 63.3
45 6 KIR3DL20 3" UTR Forward TTGAATTGACACAAATGGAG  64.8
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Abstract

The activity and function of natural killer (NK) cells are modulated through the
interactions of multiple receptor families, of which some recognize MHC class |
molecules. The high level of MHC class | polymorphism requires their ligands either to
interact with conserved epitopes, as is utilized by the NKG2A receptor family, or to co-
evolve with the MHC class | allelic variation, which task is taken up by the killer cell
immunoglobulin-like receptor (KIR) family. Multiple molecular mechanisms are
responsible for the diversification of the KIR gene system, and include abundant
chromosomal recombination, high mutation rates, alternative splicing, and variegated
expression. The combination of these genetic mechanisms generates a compound
array of diversity as is reflected by the contraction and expansion of K/R haplotypes,
frequent birth of fusion genes, allelic polymorphism, structurally distinct isoforms, and
variegated expression, which is in contrast to the mainly allelic nature of MHC class |
polymorphism in humans. A comparison of the thoroughly studied human and
macaque KIR gene repertoires demonstrates a similar evolutionarily conserved
toolbox, through which selective forces drove and maintained the diversified nature of
the KIR gene cluster. This hypothesis is further supported by the comparative genetics
of KIR haplotypes and genes in other primate species. The complex nature of the KIR
gene system has an impact upon the education, activity, and function of NK cells in
coherence with an individual’s MHC class | repertoire and pathogenic encounters.
Although selection operates on an individual, the continuous diversification of the KIR
gene system in primates might protect populations against evolving pathogens.

Introduction

The innate and adaptive arms of the immune system are interconnected, and
feature several effector functions that provide efficient and specific protection against
infection and tumor formation. Major components of the adaptive arm comprise T and
B lymphocytes characterized by rearranging antigen receptors, which exert cytotoxic
and humoral immunity, respectively. The cytotoxicity mediated by T lymphocytes
highly depends on the presentation of intracellular antigen segments derived from
pathogens by MHC class | molecules and subsequent clonal expansion of cells with
specific receptors. A third type of lymphocytes bridge the innate and adaptive immune
response, and comprises natural killer (NK) cells, which participate, for instance, in the
recognition and elimination of aberrant cells that downregulate their MHC class |
expression to evade detection by T lymphocytes [1]. Without prior priming or clonal
expansion, inhibitory and activating receptors on the NK cell surface interact with MHC
class | molecules on nucleated cells to modulate NK cell effector functions, which
include the killing of target cells by the release of cytolytic proteins and the regulation
of other immune cells by the secretion of cytokines [2]. The genes encoding the MHC
class | molecules are considered the most polymorphic genes known in vertebrates, a
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phenomenon that resulted from selective pressure to adapt to the rapid diversification
of pathogens. This extended repertoire of MHC class | genes and alleles requires the
NK cell receptors to co-evolve to maintain a functional relation with their ligands. The
recognition of MHC class | molecules by NK cells involves two receptor families: the
conserved CD94:NKG2A receptors and the highly polymorphic and diverse killer cell
immunoglobulin-like receptors (KIR). Both receptor families consist of inhibitory and
activating members. Their engagement with MHC class | molecules calibrates the
responsiveness of NK cells through a continuous educational process, which largely
controls subsequent NK cell activity [3, 4]. The KIR receptors are encoded within the
Leukocyte Receptor Complex (LRC) on chromosome 19g13.4, and share this genomic
region with other structurally similar immune-regulators, such as the leukocyte Ig-like
receptors (LILRs) and the leukocyte-associated Ig-like receptors (LAIRs) (Figure 1) [5].
Based on different Alu elements that can be regarded as a molecular clock, the initial
expansion of the primate KIR gene cluster is estimated to date back to approximately
31 to 44 million years ago. This process continued, and is currently reflected by
extensive gene duplications and point mutations [6]. Different diversifying mechanisms
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Figure 1. KIR haplotype organizations in different primate species. A schematic overview of the Leukocyte
Receptor Complex (LRC) on chromosome 19q13.4 and KIR haplotype organizations in different primate
species. A fixed copy of the KIR3DX gene is located within the primate LILR gene cluster, whereas the expanded
KIR gene cluster is flanked by the LILR and FcaR genes. The expansion involved four different KIR gene lineages
— 1, 11, lll, and V — the members of which are indicated as yellow, blue, red/grey, and pink boxes, respectively.
The grey lineage Il boxes represent pseudogenes. In most hominoids, KIR haplotype organizations follow a
standard framework, in which the centromeric and telomeric regions are bordered by genes from lineages V
and Ill, and lineages | and II, respectively. A relatively large non-coding segment separates the centromeric and
telomeric haplotype sections
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in combination with evolutionary selective factors propel the complex KIR gene content
at the individual level but also at the population and species-specific level, which all
together contribute to the heterogeneity of NK cell subsets and their activity. The KIR
gene diversification is not limited to humans. Comparative analyses that include other
primate species might help in gaining a thorough understanding of the evolutionary
processes that resulted in the diversification of this gene system. In the following
sections, we will discuss the different genetic mechanisms that drove the evolution of
the highly plastic KIR gene system in hominoids (humans and great apes) and Old
World monkeys, and how this might influence their NK cell response.

Co-evolution of MHC and KIR genes

The complex KIR gene system requires a comprehensive nomenclature guideline for
the different genes and allotypes in order to distinguish the corresponding receptors
by their structure and signaling potential [7-9]. Receptors may contain one to three
Ig-like domains, which are encoded by exon 3 (DO domain), exon 4 (D1 domain), and
exon 5 (D2 domain), and are referred to as KIR1D, KIR2D, and KIR3D in the official
nomenclature. Further classification defines the inhibitory or activating signaling
function of the KIR receptors, which is characterized by either a long or short
cytoplasmic tail, respectively, and specified with an “L” or an “S” following the domain
number denotation. The long cytoplasmic tail contains one or two immune tyrosine-
based inhibitory motifs (ITIMs), whereas the signal transduction of activating KIR
depends on the interaction with an adaptor molecule that includes an immune
tyrosine-based activating motif (ITAM) such as DAP12. Pseudogenes are indicated with
a “P” (e.g., KIR3DP). In addition, a four-character species designation is included in
front of the KIR acronym (e.g., Mamu-KIR3DL20 in rhesus macaques; macaca mulatta).

The mammalian KIR genes originate from two progenitor gene lineages: KIR3DX and
KIR3DL. The KIR3DX lineage is represented by a single gene copy located in the center
of the LILR gene cluster (Figure 1). The gene is fixed in most primate species, and its
function is currently unknown [10]. This lineage is, however, expanded in cattle, and
encodes multiple inhibitory and a single activating functional KIR3DX receptor, which
interact with an expanded repertoire of classical MHC molecules [11, 12]. In contrast,
the KIR3DL lineage expanded in primates and was diversified by duplications, deletions,
and recombinations, which resulted in an elaborated KIR gene family. Based on their
structure, ligand specificity, and/or phylogenetic analysis, the primate KIR receptors
are divided into four lineages. Lineage | genes encode receptors with a DO-D2 domain
configuration; lineage Il is defined by the specificity for subtypes of HLA-A and-B in
humans; lineage lllincludes receptors with D1-D2 and DO-D1-D2 domain configurations;
and lineage V is represented by human KIR3DL3 and its orthologs. In the primate
species studied, at least one KIR gene was discovered for each lineage, which indicates
that gene duplication and diversification predates primate speciation. The subsequent
lineage expansions are, however, species specific (Table I).
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Table I. The number of KIR genes defined per primate species indicated per lineage.

Lineage | Lineage Il Lineage Il Lineage V Total

I A* P 1AP AP 1AP I AP Total
Human Hosa 210 210 352 100 87 2 17
Chimpanzee Patr 110 100 6 30 100 9 40 13
Bonobo Papa 110 310 200 100 720 9
Gorilla Gogo 110 100 510 100 820 10
Bornean Popy 110 110 230 100 550 10
organgutan
Sumatran Poab 110 110 330 100 650 11
organgutan
Rhesus Mamu 010 31230 101 100 33241 58
macaque
Cynomolgus e, 010 26 30 0 101 100 22311 60
macaque

*KIR2DL4 is considered an activating KIR gene.
I=Inhibitory, A=Activating, P=Pseudogene

Lineage | and V KIR genes have a conserved nature in all primate species examined,
and comprise, respectively, KIR2DL4 and KIR2DL5, and KIR3DL3, or a similar structure,
such as Mamu-KIR3DL20 in rhesus macaques. More extensive and species-specific
expansions are reported for KIR genes that cluster into lineages Il and Il (Table 1), and
the data suggest that this coincides with the evolution of their MHC class | ligands.
Therefore, diversification of the lineage Il and lll KIR genes might be indirectly propelled
by the adaption of the MHC class | molecules to pathogenic encounters. For hominoids,
this section of co-evolution of KIR and MHC has been comprehensively reviewed by
Wroblewski and colleagues [13]. In short, the MHC gene content in great apes displays
to a limited extent a variable number of MHC-A, -B, and -C genes per haplotype
(Table II). MHC-C, which originated from a duplication of an MHC-B gene, is fixed in all
hominoids except for orangutans, where it is present on about half of the haplotypes
[14]. In addition, the epitopes recognized by the relevant KIR are differentially
distributed across the different MHC class | genes (Table II). The C1 and C2 epitopes,
for example, are absent in bonobos and orangutans, respectively, whereas the A3/A11
epitope is only defined on HLA-A molecules. The hominoid MHC class | evolution is
accompanied by the reduction and refinement of KIR specific for MHC-A and-B, which
is reflected in their limited number of lineage Il KIR receptors, whereas the emergence
and fixation of MHC-C in humans, chimpanzees, and gorillas drove the expansion and
specialization of lineage Il KIR (Table I) [13].

Old World monkeys, including macaques, lack an MHC-C ortholog, but instead
display extensive copy number variation regarding polymorphic MHC-A and -B genes,
as opposed to the fixed number of MHC class I genes in hominoids (Table Il) [15-18].
The expression level of the different MHC-A and -B molecules, however, varies
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Table 2. The expansion of MHC class | genes in different primate species. Indicated are the number of genes
present on a single chromosome and the KIR-recognizing epitopes that may be encoded by allotypes. The
frequencies of the different epitopes vary per gene and species. In macaques, on average 1- 3 MHC-B genes
are highly transcribed (majors), whereas the total number of genes on a single MHC haplotype can reach up
to 19 copies, including low transcribed genes (minors) as well as pseudogenes [15-20].

MHC-A MHC-B MHC-C
# genes KIR-epitopes #genes KIR-epitopes #genes KIR-epitopes
Human 1 A3/A11, Bw4 1 Bw4, C1 1 C1,C2
Chimpanzee 1 - 1 Bw4, C1 1 C1,C2
Bonobo 1 - 1 Bw4, C1 1 C2
Gorilla 1(2%) Bw4 1-2 Bw4, C1 1 C1,C2
Orangutan 1 - 2-4 Bw4, C1 0-1 C1
Macaque 1-3 Bw4, Bw6 1-3(<19) Bw4, Bw6 - -

*Gorilla’s have an additional MHC-A related gene, named Gogo-Oko

considerably in macaques. It is generally accepted that per haplotype at least a single
MHC-A and 1 to 3 MHC-B genes are characterized by high transcription, and are
referred to as “majors”, whereas the other MHC class | genes have lower transcription
levels (“minors”), or may be pseudogenes. The differential transcription suggests a
more classical function for the major MHC molecules, such as antigen presentation,
whereas the minors might exert more specialized functions [19, 20]. Only a few
interactions of macaque MHC and KIR are documented, and, so far, all interactions
involved lineage Il KIR that recognize Bw4 and Bw6 epitopes on MHC-A and-B allotypes
(Table 1) [21-25]. This putative lineage Il specificity for the copious macaque MHC class
| repertoire coincides with an extensive ligand expansion, and, thus far, 54 and 56
different lineage Il KIR genes have been documented for rhesus and cynomolgus
macaques, respectively (Table 1) [7]. Like the majors and minors for the MHC system,
the KIR genes may display differential expression levels, which are modulated by
sequence polymorphisms and by an individual’s MHC class | repertoire [26-28]. Lineage
Il KIR genes, which encode ligands for MHC-C in hominoids and were subject to
expansion, are represented in macaques by a single gene and encodes a receptor with
only the D1 extracellular domain (KIR1D). Its presence on 22% and 82% of the rhesus
and cynomolgus macaque KIR haplotypes, respectively, suggests a balancing selection
for this structurally modified receptor, which might execute a function other than
conventional MHC recognition [29].

The maximal expression of six distinct MHC class | genes in most hominoids and the
specialization of MHC-C as ligand for lineage Il KIR is in line with their modest KIR gene
expansion (Tables | and Il). Macaques may harbor over 20 distinct MHC class | genes in
one individual, of which only a few are dominantly expressed and considered to be
majors. The expanded MHC repertoire in macaques probably propelled the extensive
expansion and differential expression of their lineage Il KIR. The balanced expansion of
the MHC and KIR gene systems in primates indicates co-evolution in order to maintain
a functional relation.
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Transposable elements facilitate chromosomal recombination

One of the mechanisms responsible for the extensive KIR gene diversification in
macaques, and to a lesser extent in hominoids, involves chromosomal rearrangements
that are accompanied by deletions and recombination, which may result in the
generation of fusion genes (Figure 2A). This type of gene formation may shuffle the
binding and signaling domains of different KIR receptors, thereby functionally altering
the response potential of KIR family members. The dense head-to-tail arrangement of
the KIR genes is likely to facilitate at least in part the chromosomal instability of this
gene cluster. A KIR haplotype spans approximately 150 to 350 kb, depending on the
number of genes present. Most KIR genes are separated by only 2.5 kb, as opposed to
the wider haplotype configurations of more stable and less expanded gene families,
such as the LILR gene cluster [6, 30-33]. In addition, the presence of transposable
elements, including Alu and LINE elements, in the intergenic and intragenic KIR
sequences is another factor that further promotes genetic instability [6, 34-36]. These
repetitive elements are present in all primate KIR genes, although with species-specific
variation, and drive recombination and genetic deletions [35, 37-39]. For the few
completely sequenced fusion KIR genes in humans, the chromosomal breakpoints
indeed map in the intragenic transposable elements. This supports the idea that the
abundant presence of transposons in the KIR cluster facilitates chromosome fragility,
which is reflected by genetic expansion and contraction, and the formation of fusion
genes [34, 40, 41]. A considerable number of human fusion KIR genes were generated
by reshuffling that involved segments of pseudogenes [34]. The conservation of two
pseudogenes in the human KIR repertoire, KIR2DP1 and KIR3DP1, might be explained
by their role in promoting recombination events. The human KIR haplotypes that
include an apparent fusion gene are represented by relatively low frequencies [42-45].
Positive selection of fusion entities might, however, increase their frequencies in
certain populations [45]. Ancient recombination events and subsequent selection
might have contributed substantially to the current human KIR repertoire, but the
modest expansion of the human KIR genes nowadays indicates limited recent
recombination events. In contrast, an excessive number of recombination events are
recorded in rhesus and cynomolgus macaques, with the presence of at least one fusion
KIR gene on 42% and 49% of their haplotypes, respectively [29, 43]. The abundant
presence of fusion genes indicates that in these species the reshuffling of KIR gene
segments is an ongoing process that expands the macaque KIR repertoire. Although
information on the non-coding regions in the macaque KIR cluster is limited at present,
the chromosome instability and consequential recombinations in concert with
selection are likely to have driven the extensive expansion of lineage Il KIR genes. This
fast mode of evolution is further reflected in the relatively low number of orthologs
that are shared between the closely related rhesus and cynomolgus macaques and
their populations [29].

In all hominoids and Old World monkeys, the 5’ section of the KIR gene cluster is
occupied by KIR3DL3 or similar structures, which are considered framework genes and
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might carry out essential functions. The structure and evolutionary pathway of these
lineage V KIR genes is a complex outcome of multiple recombination events [46].
Additional chromosomal rearrangements in rhesus macaques involved the exchange
of the cytoplasmic tail of KIR3DL20 with the tails of KIR2DL04 (lineage |) and KIR1D
(lineage IIl). These recombination events are not conserved in macaque populations,
which implies the relatively recent formation of novel gene entities propelled by
ancient recombination hotspots [29].

Chromosomal recombination events generate genetic variability in the KIR gene
cluster by the formation of fusion genes. Subsequent selection of these novel genes
might supply an adaptive and protective strategy in the arms race with rapidly evolving
pathogens.

KIR haplotype diversity in primate species

Chromosomal rearrangements not only generate novel KIR gene entities by
recombination but also diversify the haplotype gene content by insertions and
deletions of genes (Figure 2A). In general, hominoid KIR haplotypes consist of two
genomic regions that are bordered by four framework genes (Figure 1). The proximal
half of the haplotype is termed the centromeric region and is defined by KIR3DL3 to
KIR3DP1/KIRDP, whereas the distal part, or telomeric region, ranges from KIR2DL4 to
KIR3DL2/KIR3DL1. Within these sections, KIR genes of different lineages expanded and
contracted during hominoid speciation. In humans, the expansion involved lineage |lI
KIR genes in their centromeric and telomeric regions, whereas expansion in
chimpanzees, gorillas, and orangutans expansion took place in the same lineage in the
centromeric region only (Figure 1). The human haplotype content ranges from 7 to 12
KIR genes, whereas the number in chimpanzee and orangutan haplotypes stretches
from 5 to 11 and 5 to 10 functional KIR genes, respectively. In contrast to other
hominoids, bonobos are characterized by a contraction of their KIR region, with only
3-7 KIR genes expressed on a haplotype. The shortest bonobo KIR haplotype consists

Figure 2. The genetic mechanisms propelling diversification. The primate KIR cluster diverged as a result of
multiple molecular processes, which together modulate the KIR gene content and expression status. (A) The
expansion and contraction of KIR haplotypes is mediated by chromosomal recombinations, which can
introduce or remove one or multiple K/R genes. Occasionally, a recombination event is accompanied by the
generation of a fusion gene, which functionally and structurally expands the gene repertoire. (B) The KIR
genes are further diversified by point mutations in coding and non-coding regions, which generate alleles that
encode receptors with different structures, localization, function, and expression. (C) Alternative splicing is
another mechanism that has a similar impact on the function and structure of receptors. The blue and green
boxes indicate exons and introns. The isoforms are generated by different splice events, which involve
alternative splice sites and exon skipping. (D) The differential expression of subsets of KIR receptors on
different NK cell clones forms another level of variation that is mediated and maintained by sequence
variability in the complex promoter regions and epigenetic modifications. A conjunction of the proximal,
intermediate, and distal promoters is required to induce KIR expression.
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of only the framework genes [47]. The contracted bonobo KIR cluster coincides with a
reduced nucleotide variation in their MHC class | repertoire, which might be caused by
a bottleneck or pathogen-driven selective sweep after divergence from the
chimpanzee’s lineage [48-51]. In contrast, a highly variable KIR haplotype content is
encountered in the macaque, with 4 to 17 functional KIR genes that mainly map to the
telomeric region (Figure 1). The haplotype framework in macaques is less fixed than in
hominoids, with only KIR3DL20 expressed on all haplotypes, whereas KIR2DL04 is
present on 70% of the rhesus macaque haplotypes. A gene orthologous to hominoid
KIR3DL2/KIR3DL1 that usually marks the telomeric region is absent.

The diversified KIR haplotypes in hominoids and Old World monkeys stem from a
primordial configuration, for which a model has been proposed by Guethlein and
colleagues [35]. This model describes abundant duplications and recombination events
that eventually formed a conserved haplotype framework in hominoids. The previously
mentioned transposable elements are likely propagating these chromosomal
rearrangements that continue to mediate the diversification of haplotype
configurations. One major hotspot for recombination is mapping in between the
centromeric and telomeric regions, which facilitates the reorganization of the different
haplotype regions. In addition, KIR haplotypes also display the insertion and deletion
of one or multiple KIR genes propelled by unequal crossing-over, which is occasionally
accompanied by the formation of a fusion gene [29, 40, 42-44]. In humans, these
contractions and expansions, which are mediated by double-stranded breaks at
intragenic and intergenic repetitive elements, resulted in haplotypes that expressed 3
to 15 KIR genes [40]. The short haplotypes do not express all framework genes. For
instance, the deletion of KIR2DL4 is commonly observed on genotypes defined across
different populations [52, 53]. Approximately 7% of the human KIR haplotypes are
showing indications for contraction and expansion [42]. Although the number of
completely defined KIR haplotypes in other hominoids is low, several rare KIR
configurations in chimpanzees and orangutans illustrate genetic footprints for insertion
and deletion events, which is also occasionally accompanied by the formation of a
fusion gene [54, 55]. In macaques, only two completely sequenced haplotypes are
available at present, whereas an abundant number of haplotypes are deduced at the
transcription level by segregation studies [26, 29, 31, 43, 56, 57]. The presence of
multiple highly similar allotypes, encoded by highly similar KIR genes, on a single
haplotype indicates an expansion by the insertion of one or more genes. Such events
were recorded for 47% and 26% of the rhesus and cynomolgus macaque haplotypes,
respectively [29]. In contrast, a minimal KIR gene content and the presence of a fusion
gene often are indicative of a haplotype contraction. An example of a prominent
haplotype reduction in rhesus macaques involved the deletion of the complete
centromeric region by an intragenic recombination of KIR3DL20 and KIR2DL0O4 [29].
The variable haplotype content and the relatively high number of fusion genes indicate
extensive recombination as a mechanism to diversify the macaque KIR gene system in
a still ongoing process. This phenomenon is observed to a lesser extent for the KIR
haplotypes in hominoids, where the process seems to have relaxed.
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The KIR gene allelic repertoire is expanded by point mutations

Another level of variation is displayed by allelic polymorphisms, which is explained
to a large extent by the occurrence of single nucleotide polymorphisms (SNP)
(Figure 2B). These nucleotide variations have a wide-ranging impact, and may
modulate the expression level at the cell surface, ligand specificity, interaction strength,
and localization of the KIR receptor. Single nucleotide variations in the extracellular DO
and D1 domains of human KIR2DL2*004 and KIR3DL1*004, for example, retain the
receptors within the cell, which might be caused by misfolding [58, 59]. Polymorphisms
in KIR2DL3 alleles affect the avidity of the receptor to bind their HLA-C ligands. The
low-avidity KIR2DL3*001 and the high-avidity KIR2DL3*005 only differ at three
nucleotides in their D1 domain, which alters the orientation of their extracellular
domains and thereby their binding strength [60]. Although most KIR disease association
studies determine the gene content by the presence and absence of KIR gene sections,
and thereby lack allele-level resolution, several studies demonstrated that the
functional differences of KIR alleles might also impact health and disease. For example,
two KIR2DL1 alleles in the African KhoeSan population evolved by single nucleotide
mutations and are associated with a reduced risk for pregnancy disorders [61]. Other
associations demonstrated that the highly expressed KIR3DL1 alleles are more
protective against disease progression in HIV-infected individuals than lower expressed
allotypes, except for the intracellularly retained KIR3DL1*004, which is low in
expression but highly protective [62-64].

A total of 1110 human KIR alleles are catalogued in the Immuno Polymorphism
Database (IPD-KIR, release 2.9.0), whereas the number of reported alleles for different
non-human primate species ranges from 521 KIR alleles in rhesus macaques to 5 KIR
alleles in Bornean orangutans (IPD-NHKIR, release 1.2.0.0). These allele numbers may
give a distorted view of the actual levels of polymorphism within a species due to the
differential number of individuals studied. The high level of allelic polymorphism
appears to be at least comparable in humans and macaques. The thoroughly
documented allelic polymorphism in humans and macaques reveals a varying number
of alleles per KIR gene, with most nucleotide variation exhibited by the framework
genes [7, 29, 44]. In addition, a high number of alleles were reported for certain KIR
genes located on the telomeric haplotype region in humans (KIR3DL1, KIR2DS4) and
the highly frequent inhibitory KIR genes in macaques (K/IR3DLO1, KIR3DLO7). An
expansion of the allele numbers for the frequently expressed KIR genes might indicate
a continuous role in co-evolution with particular pathogens. The less common KIR
genes, which include mostly activating KIR, vary in gene content rather than allelic
polymorphism and therefore seem to execute more specialized functions and/or might
be involved in the recognition of conserved ligands and peptides [7, 29, 44].

For humans, KIR alleles are also distinguished by SNPs in their introns (IPD-KIR,
release 2.9.0) [65], which might impact, for instance, the expression level and post-
transcriptional splicing. A total of 353 human KIR alleles can only be distinguished from
the reference gene based on intronic variations (IPD-KIR, release 2.9.0), and this
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number is likely to be underestimated [65]. Sequence data on the non-coding KIR gene
regions are lacking for non-human primate species, but a similar extent of intronic
variations might be feasible and may impact their receptor functionality. However,
there are no disease or health associations reported for intronic polymorphisms within
the KIR genes, but abundant pathological conditions are described for intronic
variations in many other genes mapping elsewhere in the genome [66]. For example, a
SNP in the human CYP2D6 gene is linked to a decreased expression of the functional
transcript and correlates with a lower metabolic activity [67]. For HLA-DP, a single
nucleotide variation in the 3" UTR modulates the expression level of different allotypes,
which impacts the susceptibility to chronic hepatitis B virus infection [68].

Allele variation is mainly generated by synonymous and non-synonymous point
mutations, and only the latter ones will impact the composition of the gene products.
In sharp contrast to MHC class | polymorphisms, the allelic nucleotide variations of the
KIR genes are evenly distributed over the coding regions. The high concentration of
CpG islands located in the KIR gene cluster might contribute to an elevated mutation
rate, as these islands are in general more prone to promote nucleotide transitions [69-
71]. In addition, chromosomal rearrangements are known as mutagenic events [69,
72-74]. In particular, the regions that surround genomic insertions and deletions
display an increased mutation rate, which might be induced by error-prone DNA
replication [69, 75-77]. The abundant recombination that is accompanied by insertions
and deletions in the primate KIR cluster is likely to contribute to the extensive allelic KIR
variation. Within two and three generations of human and macaque families studied,
the birth of novel KIR alleles is described, which might further substantiate the rapid
mutation rate in this gene cluster [29, 78]. To our knowledge, such an event has not
been recorded for the highly polymorphic MHC class | genes.

The variation involving KIR genes at the allele level impacts the interactions with
their highly polymorphic MHC class | ligands, and demonstrate that point mutations
contribute to a diversified KIR gene system. The general lack of allele level
characterization in the clinic might limit the number of associations reported for KIR
allele heterogeneity and their functional and disease-related effects. Even intronic
variations might impact the KIR receptor expression and function. These few
associations highlight the need to further characterize the KIR gene content of humans
and other primate species at an allele level resolution.

Alternative splicing as a mechanism for structural
diversification

The complexity of the primate KIR gene cluster is further extended by alternative
splicing (Figure 2C) [79-83]. This post-transcriptional mechanism can generate multiple
messenger RNA (mRNA) transcripts from a single gene, which are translated into
different receptor isoforms. Constitutive splicing excludes the intronic sequences from
the precursor mRNA (pre-mRNA) and ligates the coding exons. Alternative splicing
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deviates from this pattern by the use of alternative splice sites, the skipping of exons,
and the retention of introns (Figure 2C) [84]. The alternative splice events for human
and macaque KIR transcripts are well documented, and demonstrated that both in-
and out-of-frame transcripts are generated [79-83]. The out-of-frame transcripts often
have an early stop codon, and this results in early truncation of the transcript. Even
though these out-of-frame transcripts appear as a redundant side effect of alternative
splicing, it might reflect a regulatory pathway to rapidly downregulate receptor
expression. The functional impact of the in-frame generated KIR isoforms may be
diverse. The skipping of exons generates transcripts that encode modified KIR isoforms,
which lack one or two extracellular domains, the stem region, or the transmembrane
region. These KIR isoforms probably exhibit differential binding properties or are
secreted as soluble receptors (Figure 2C) [85]. In-frame splice events that involve
alternative splice sites might insert a partial intronic sequence into the transcript or
delete a part of a coding exon. Although the functional and structural consequences of
these KIR isoforms are harder to predict, they are likely to modify the receptor
expression level, cellular localization, and ligand interactions.

Several splice events were frequently recorded or were defined for multiple KIR
genes, and implicate the existence of conserved splice events that generate structurally
and functionally distinct isoforms. For example, exon 4 (coding for the D1 domain) is
frequently skipped from KIR3DL20 transcripts in macaques, thereby generating
transcripts that encode both the complete receptor and receptors with a DO-D2
domain configuration [43, 57]. This macaque isoform is termed K/IR2DL05, as it displays
an 89.5% sequence similarity with human KIR2DL5. Moreover, it demonstrates that
alternative splicing expands the macaque KIR repertoire by generating a second two-
domain structure (KIR2DL) additional to KIR2DLO4. The most frequent KIR splice event
in humans involved the skipping of exon 6, which encodes the stem region. Other
frequent events included the skipping of exon 5 (D2 domain) and partial deletions in
exons 4 and 5. These events result in isoforms that are likely to display altered binding
properties, but their exact activity and localization remains elusive. Another common
splice event in humans might function as a regulatory switch for expression of the 9A
and 10A KIR2DL4 alleles by restoring or disrupting the open reading frame [79]. Less
frequent alternative splicing events were often found to be gene specific, and were
mainly out-of-frame events that encoded for truncated receptors. Except for most
exon skipping events, only a single splice event was shared between humans and
macaques. This event involved a partial deletion of exon 3 (DO domain) mediated by an
alternative 5’ splice site [79]. Data on the alternative splicing in other hominoids are
lacking, but a similar extent of alternative splicing is likely to diversify their KIR receptors
and repertoire.

The splicing of pre-mRNA not only facilitates diversification of the KIR repertoire,
but might also compensate for genomic alterations that result in out-of-frame
transcripts. The expression of human and macaque lineage Il KIR genes, for example,
requires the constitutive skipping of exon 3 to maintain an open reading frame (ORF).
This exon contains a deletion of 5 bp at the genomic DNA level, which would shift the
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reading frame that introduces an early stop codon [79, 86]. The constitutive skipping of
exon 3 suggests that the expanded repertoire of human KIR2D receptors evolved from
a KIR3D gene. The absence of a conserved 33 bp sequence in intron 2 of all human and
macaque lineage Il KIR genes might relate to the constitutive exon skipping by, for
example, disrupting the spliceosome recognition site [79].

The extensive levels of alternative splicing observed in humans and macaques
defines another layer of complexity for the KIR gene cluster. This diversifying mechanism
generates structurally and functionally distinct receptor isoforms, and might be
involved in the regulation of receptor expression levels. Although not all isoforms
might be functional, the frequency and consistency of several alternative splicing
events suggest that alternative splicing is a rapid mechanism to diversify the KIR
content in hominoids and Old World monkeys.

Differential NK cell populations due to variegated KIR gene
expression

KIR gene plasticity is further reflected by the stochastic expression of a subset of KIR
genes from the total gene repertoire in individual NK cells (Figure 2D). This selective
transcriptional activation generates specialized NK cell populations, which express
different numbers and combinations of KIR genes [87, 88]. The stochastic KIR expression
is activated during NK cell maturation, and the transcriptional pattern is maintained by
the methylation of silenced KIR genes [89, 90]. The different KIR receptor combinations
are generated largely at random, but might be shaped by the individual KIR gene
frequencies and the MHC class | repertoire. Therefore, KIR genes that are present on
both chromosomes in heterozygous individuals, or genes that are present as two or
more allotypes on a single haplotype (e.g., by duplication or gene insertion), could be
expressed in a mono- and multi-allelic manner. This may generate NK cell subsets that
transcribe two or more allelic copies of a certain KIR gene [28]. Divergent expression
patterns are documented for human KIR2DL4, which is expressed in all NK cells, and for
KIR3DL3, which is expressed at low levels [91, 92].

The molecular regulation of KIR gene expression is well studied in humans, and
involves multiple promoter regions in the intergenic sequences that control gene
demethylation and transcription [27, 91-97]. The proximal promoter is located directly
in front of the first exon of a KIR gene and functions as a probabilistic switch (Figure 2D).
Bi-directional transcription of this promoter generates forward and reverse transcripts
that correlate with the activation and suppression of KIR gene transcription,
respectively. Forward transcripts of a distal promoter are associated with activation of
the proximal promoter region and appear to be required for eventual KIR gene
expression. A third promoter upstream of the proximal promoter, also denoted as the
intermediate promoter, modulates the bidirectional transcription of the proximal
promoter directly or indirectly by mediating correct splicing of the forward proximal
promoter transcripts [27, 95]. In all human KIR genes, the promoter regions are highly
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conserved, with 91-99.6% sequence similarity. Exceptions are found for the promoters
of KIR2DL4 and KIR3DL3, which substantiates their diverged expression profile [95].
Three types of promoter regions are defined for human KIR2DL5, which display
considerable differences in their nucleotide sequence and transcription factor binding
sites. Types | and Il control variegated expression, whereas transcripts of KIR2DL5
alleles that exhibit the type Il promoter are undetectable [98, 99]. These type |
promoters are probably inactivated by a SNP in their Runt-related transcription factor
(RUNX) transcription binding site, which is an important motif in the regulation of gene
expression, and is generally conserved in all KIR genes [99]. An identical SNP is identified
in the proximal promoter of the pseudogene KIR3DP1, and might indicate that the
inactive type Il promoter is swapped to particular KIR2DL5 alleles by chromosomal
recombination [99-101]. Within the KIR promoter regions, multiple other transcription
factor binding sites are identified, which can vary per KIR gene and thereby contribute
to differential gene expression. Allelic variations of the different transcription factor
binding sites modulate the expression levels of KIR alleles [27, 93]. For example, a
KIR2DL1 allele displayed low expression, which was associated with three SNPs in the
distal promoter that generated a binding site for the Zinc finger E-box-binding
homeobox 1 (ZEB1) protein [27]. This transcription factor is associated with the
downregulation of IL2 expression, and might have a similar impact on the expression
of this specific KIR2DL1 allele. Just like the variation in the KIR gene introns, the
nucleotide polymorphisms in the promoter regions are grossly undervalued, despite
the direct impact on the expression of KIR alleles.

The variegated expression pattern of the KIR genes defines NK cell subsets, of which
several are tissue resident. These NK cell populations might execute specialized
functions in particular tissues that could be mediated by specific sets of KIR receptors.
For example, the KIR expression profile of NK cells that were derived from the lung,
liver, and uterus deviates from the expression pattern observed in peripheral blood NK
cells [102-104]. Expression of KIR was also established for subsets of T cells, in particular
terminally differentiated CD8+ T cells, of which 30% exhibited KIR expression [105-
107]. The majority of these T cells dominantly express a single inhibitory or activating
KIR gene, which is generally distinct from the KIR gene expression pattern on NK cells
within the same individual [105]. The expression pattern of NK cells and CD8+ T cells
can be erased by in vitro treatment with a methylation inhibitor (5-azacytidine), and
thereby induce the expression of formerly silenced KIR genes [97, 108, 109]. This
demonstrates that the stochastic KIR gene expression is maintained by methylation in
both types of lymphocytes.

The variability in the promoter regions that is mainly generated by point mutations
and chromosomal recombination events contributes to the diversification of NK cell
subsets by the stochastic methylation of KIR genes. The promoter regions and
epigenetic regulation of the KIR gene cluster in non-human primate species are less
well characterized, but their stochastic expression pattern indicates a similar genetic
mechanism.
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The different characters of diversification in the KIR and MHC
clusters

The expansion of the primate KIR cluster was probably initiated by the integration
of multiple retroviral elements near or in the founding KIR genes. Subsequent
duplications were mediated by these transposable elements, and this process had an
impact on the expansion of the KIR gene repertoire [35]. These recombination events
might have enhanced the mutation rate within this genomic region that generated a
diverse set of KIR alleles, and subsequently some of these were positively selected
during evolution. In the case of exons, the point mutations may affect the receptor
structure, function, localization, and expression, whereas polymorphisms in the introns
may enhance the level of alternative splicing by affecting existing or generating
alternative splice sites. In addition, the high level of point mutations caused variation
within the promoter regions, and thereby modulated the variegated expression pattern
and expression level of KIR receptors. It appears that all the different molecular
mechanisms are intertwined and enhanced by each other, which multiplies their
diversifying impact on the primate KIR gene system.

The MHC class | gene family is considered one of the most polymorphic genomic
regions in primates, but displays a different nature of diversity as compared to its KIR
ligands. In hominoids, the fixed number of MHC-A, -B, and -C genes on a haplotype
indicate low levels of recent duplications and chromosomal recombination, which is
substantiated by an exceptionally low recombination rate for the MHC class | region
[110, 111]. Chromosomal rearrangements that are accompanied by the formation of
an MHC class | fusion gene, as is determined for the KIR genes, is to our knowledge not
known. In most hominoids, MHC class | polymorphism is mainly generated by point
mutations in concert with a recombination of small segments. These genetic
modifications are especially located in the exons encoding the peptide-binding site,
and indicate a rigorous selection for a diverse array of allotypes. The functional impact
is reflected in differential peptide presentation [18]. Additional modification of the
MHC repertoire is reflected at the transcription level by alternative splicing, which is
reported for human and macaque MHC transcripts [112-116]. Considering the high
level of allelic polymorphism in the HLA genes, which may involve nucleotide
substitutions that disrupt existing or generate novel alternative splice sites, one might
expect abundant alternative splicing events in their transcripts. However, only a
modest level of alternative splicing is demonstrated for several classical and non-
classical HLA class | alleles, which mainly involved exon skipping that abrogated
receptor surface expression [112]. Specific isoforms of the non-classical HLA-G,
however, are well known and are associated with cancer and inflammatory diseases
[117-120]. In contrast, alternative splicing in primate KIR was not limited to certain
alleles, and also comprised conserved splice events that were common to multiple KIR
genes and lineages [79]. The classical MHC class | allotypes are constitutively expressed
on all nucleated cells, and thereby lack a variegated expression pattern [121, 122].
However, individual MHC allotypes may display a differential expression level, which is
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affected by sequence variation, tissue distribution, and pathogenic encounters [122,
123]. In humans, the relative surface expression of HLA-A and-B is approximately ten
times higher compared to HLA-C molecules [122, 124]. This suggests that the HLA-C
gene might slowly shift its main function from classical antigen presentation into the
modulation of NK cell responses during infection and reproductive biology. In addition,
the expression levels of different HLA-C alleles display variation, in which highly
expressed allotypes correlated with a beneficial control of HIV infection [125]. The
differential expression pattern is also determined for the expanded MHC class | region
in macaques, with only a few highly expressed MHC-A and-B allotypes [126, 127]. The
MHC expression levels are, however, not strictly maintained and can be modulated
during infection by immune regulators such as interferon and tumor necrosis factor
(TNF) [122].

The primate KIR and MHC gene families are both reflected by great complexity, and
seem to co-evolve to maintain a functional relationship. The MHC class | diversification
mainly involved allelic polymorphism in the exons encoding the peptide binding site
and recombination of small segments, which is driven by the arms race with rapidly
evolving pathogens. The KIR genes, in contrast, are diverged by haplotype expansion
and contraction, random point mutations, and the generation of novel fusion genes.
The expression and structural variability of the KIR receptors are further modified at
the epigenetic and post-transcriptional level, whereas a similar diversification of the
MHC class | molecules is limited. The conjunction of different genetic mechanisms
generates an extensive plasticity for the primate KIR gene cluster, which seems to
exceed the diversity of the polymorphic MHC class | genes.

CD94:NKG2A- or KIR-dependent education in different
primate species

A comparison of the KIR gene system in primate species illustrates a variable degree
of gene expansion, reflected in the differential expansion of gene lineages (Figure 1).
This might be largely due to co-evolution with their diverse MHC class | repertoire. The
variable extent of expansion, however, is emphasized by the number of functional
genes per KIR haplotype and by the overall size of the KIR gene repertoire documented
for a certain primate species. The extremes are represented by the heavily contracted
KIR haplotypes in bonobos versus the widely expanded set of KIR genes in macaques
(Figure 1). The flexibility to expand and contract KIR haplotypes and repertoires,
apparently without compromising sufficient and protective immune responses, might
be closely related to the nature of NK cell education in different primate species.

NK cells require self-tolerance and a signal to activate, which are acquired through
an educational process. NK cell education involves the recognition of self-MHC class |
molecules or the presented peptides by at least one inhibitory NK cell receptor.
Alternative educational pathways that are MHC-independent are reported, but their
exact contribution to the acquiring of NK cell functions is elusive [128, 129]. The MHC-
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dependent education is predominant and can be approached in two ways (Figure 3)
[13, 130, 131]. One strategy of NK cell education involves the interaction of inhibitory
CD94:NKG2A NK cell receptors with the non-polymorphic MHC-E molecules, which are
complexed with conserved signal peptides derived from the diversified classical MHC
class | molecules [132-134]. One could argue that this approach allows the immune
system to scan in a crude way whether total MHC class | expression has been abrogated.
In the complementary approach, however, NK cell education is established through
interaction of the MHC class | molecules with polymorphic KIR receptors. This seems to
reflect a more sophisticated strategy in which the immune system checks at the
epitope level for a malfunctioning of MHC class | expression. KIR-dependent NK cell
education is mainly conducted through the interactions of inhibitory KIR and MHC
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Figure 3. Two pathways to educate NK cells in primates. A schematic overview of two strategies to educate
NK cells. The leader peptide of MHC class | molecules either contains a methionine (-21M) or threonine (-21T)
residue. The-21M peptides strongly bind to MHC-E molecules, and these complexes display an increased cell
surface level. Through the conserved CD94:NKG2A receptors, the MHC-E complexes educate and license NK
cells. In contrast,-21T leader peptides, which are predominantly present in MHC-B allotypes of humans and
chimpanzees, do not interact with MHC-E molecules. Therefore, in the presence of one or more-21T MHC
class | allotypes, the cell surface level of MHC-E is decreased. In this case, NK cells are educated by MHC class
I molecules that interact with their KIR ligands.
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class | molecules. However, activating KIR contribute to the tuning of NK cell
responsiveness by dampening NK cell activity upon MHC class | recognition [135].
Currently, only for KIR2DS1 the effect on NK cell education is described. In the following
sections, we mainly consider the educational impact of inhibitory KIR.

Whether the NK cells are educated by the CD94:NKG2A or KIR pathway might
depend on a single nucleotide dimorphism at position 21 of the MHC class | leader
sequences. Most MHC-A and -C molecules in hominoids have a methionine (-21M)
residue present at this position, whereas in general this position is occupied by
threonine (-21T) in MHC-B molecules. The -21M peptides strongly bind to MHC-E
molecules and promote cell surface expression of MHC-E complexes [136]. The
presence of five or six classical MHC class | allotypes containing the-21M residue drives
the NK cell education towards the more conserved MHC-E and CD94:NKG2A
interactions. However, approximately 62% of human individuals display a-21T HLA-B
homozygous genotype, with a variable distribution in different populations [130]. In
chimpanzees, -21T is near fixed in their MHC-B allotypes [13]. The homozygous
threonine genotype corresponds with a low MHC-E surface expression. As a
consequence, human and chimpanzee NK cells are largely educated by their KIR
repertoire [13, 130]. In contrast, in macaque MHC-A and-B allotypes, methionine is the
predominant residue at position 21 of the leader sequence, which results in an NK cell
education that mostly relies on the conserved CD94:NKG2A pathway [130].

In primate species with a KIR-dependent NK cell education, one can envision that an
expanded KIR repertoire may compromise NK cell activity. This might drive selection
for a limited KIR expansion, as we will discuss in the next section. If this reasoning is
true, the KIR-independent education of NK cells in macaques might result in an
extensive expansion of their KIR gene system. We think that the primary function of
macaque KIR is focused on the recognition and elimination of infected or malignant
cells. This defense mechanism relies on the recognition of Bw4 and Bw6 epitopes, but
KIR interactions are also sensitive to non-self peptides that can be presented by MHC
class | molecules [137-141]. A large genetic diversity of KIR genes provides a broader
repertoire to scan all the variable MHC class | allotypes in combination with their
peptides originating from pathogens. It has been proposed that up to seven distinct
KIR receptors are required for successful peptide recognition [142]. This optimal
receptor count might even be higher when the Bw4 and Bw6 epitope specificity is
considered for the different KIR allotypes. The high level of chromosomal recombination
and the relatively frequent formation of fusion genes in macaques might indicate
selection for a widely diversified KIR gene system. Considering their KIR-independent
NK cell education, KIR expansion in macaques might be exempted from potential
negative selection on large KIR gene repertoires.

However, not all macaque KIR haplotypes contain a large number of genes, and they
even display indications for contraction by chromosomal recombination events. The
formation of novel gene entities by the shuffling of head- and tail-encoding exons is
achieved by recombination events, which are coherently accompanied both by
contractions and expansions of KIR haplotypes. There might be a trade-off between
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the expansion of the overall KIR repertoire in a population by generating fusion genes
and the contraction of KIR haplotypes in individuals. Rapid expansion and diversification
generate a highly plastic macagque KIR gene system that appears to be maintained by
selection to militate against rapidly evolving pathogens.

KIR haplotype expansion and contraction: finding the
equilibrium

As compared to macaques, hominoids appear to have a more limited haplotype
content and overall KIR repertoire (Figure 1, Table I). These limitations might be
maintained by selective pressure on an efficient KIR-dependent NK cell education, but
should be balanced with protection against infections. This balance might be reflected
in the slightly variable KIR gene content per haplotype.

A large KIR repertoire is likely to provide a broad array of MHC class | specificities
that may result in the education of an increased fraction of NK cells (Figure 4A).
Moreover, the expression of multiple self-specific inhibitory KIR receptors by NK cell
clones enhances the magnitude of their effector response [143]. Although only a small
population of NK cells dominantly expresses more than one inhibitory KIR receptor, an
expanded KIR repertoire might enlarge this NK cell population size and elevate the
strength of the NK cell response (Figure 4A and 4C). A potential detrimental effect of
an expanded KIR haplotype might emerge if the repertoire comprises only a few or
abundant self-specific receptors. On the one hand, the variegated expression of a large
KIR repertoire that consists of few self-specific receptors might thin out the educated
NK cell population and provide an inefficient immune surveillance (Figure 4B).
Indications for a biased expression of self-specific KIR suggest modulation of the KIR
expression by an individual’s MHC class | repertoire [144-146], which would ensure a
more robust immune response and might compensate for a large non-self-specific KIR
expansion. On the other hand, a large repertoire of self-specific KIR might enlarge the
fraction of educated NK cells that display increased activity, which might be protective
in infections and cancer (Figure 4C). However, elevated NK cell activity, which might be
further enhanced by the expression of multiple self-specific KIR on NK cell subsets, or
excessive NK cell inhibition by abundant self-specific KIR interactions are also associated
with implantation failure and recurrent miscarriages [147-150]. Furthermore,
overactivation might desensitize NK cells and result in hyporeactivity [151], which
might weaken subsequent immune responses. Therefore, a large KIR repertoire that is
used in NK cell education might act as a double-edged sword that can both enhance
and compromise an individual’s immune response.

In contrast, individuals that have a limited KIR haplotype rely on only one or few
self-specific KIR receptors to educate their NK cells (Figure 4D). Even though a sufficient
percentage of NK cells might be educated by a limited KIR repertoire, the specificity is
restricted, and specialized NK cell populations might lack. The complete absence of NK
cell education occurs in MHC class I-deficient mice, which display a near normal NK cell
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count with an overall reduced responsiveness [152, 153]. In humans and other
hominoid species, individuals that completely lack self-specific KIR are not documented.
This indicates that even minimal KIR haplotypes provide education, and suggests that
framework KIR receptors could play a substantial role in the NK cell education of
hominoids. In addition, the chance that an individual completely lacks self-specific KIR
receptors is reduced by the heterozygous nature of the KIR gene cluster. As far as we
know, only few human and no non-human primate individuals are documented that
were homozygous for their KIR haplotypes at an allele level [154]. In a rhesus macaque
family studied, one individual was assumed to be K/R-homozygous according to
segregation. However, more detailed analysis illustrated that one KIR gene copy
appeared to have gained point mutations that resulted in the haplotypes diverging at
an allele level [29]. This individual macaque possessed a largely homozygous KIR
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Figure 4. The education of NK cells by expanded and contracted KIR haplotypes. The proposed populations
of NK cells that are educated (red cells) by self-specific KIR (colored boxes and receptors) on expanded and
contracted haplotypes. The grey boxes represent non-self-specific KIR, and are displayed on the uneducated
NK cell clones (grey cells). (A) An expanded KIR haplotype provides a broad MHC class | specificity, and might
educate some NK cell clones through multiple self-specific receptors, which increases their cytotoxicity (dark
red cells). (B) A large KIR repertoire with only a few self-specific KIR might lower the fraction of educated NK
cells and thereby provide an insufficient immune response, (C) whereas abundant self-specific receptors
increase the educated fraction and their cytotoxicity. (D) A small KIR repertoire might educate large fractions
of NK cells with a limited MHC class | specificity, which might provide largely sufficient immune responses.
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content, but did not display an impaired immune system; it also produced healthy
offspring, which suggests that KIR-heterozygosity is not vital. However, KIR haplotype
diversity might compensate for limited KIR haplotypes and improve the immune
surveillance, as is also described for MHC heterozygosity [155-157].

In contrast to non-self-specific T lymphocytes, which are depleted upon a failed
positive or negative selection in the thymus, uneducated NK cells are present in the
peripheral blood. The relatively high level of uneducated NK cells in individuals with
small or large non-self-specific KIR repertoires could affect their immune surveillance,
but does not preclude an efficient immune response during infection or tumor
formation. In fact, unlicensed NK cells appear to be more efficient at eradicating
infected or malignant cells that persistently express MHC class | molecules or viral
mimic ligands through their reactivation by cytokines or NKG2D receptors [158-160].
Therefore, a fraction of uneducated NK cells in combination with a largely educated NK
cell population might be more protective than a completely educated NK cell pool with
broad MHC class | specificity.

There could be another factor, however, that limits expansion of the KIR haplotypes
and gene repertoire, in addition to their role in NK cell education. In orangutans,
MHC-B allotypes contain a-21M leader peptide, which would suggest education via the
conserved CD94:NKG2A pathway [130]. In contrast to macaques, the orangutan KIR
system is not extensively expanded, and is more in line with other hominoids that
display a KIR-dependent NK cell education. The emergence of MHC-C as a specialized
ligand for KIR might override the dimorphism and coherent increase in MHC-E
expression, and drive NK cell education via the KIR receptors. In addition, the number
of characterized MHC-B molecules in orangutans is relatively low (IPD-MHC, release
3.4.0.1) [161]. A larger sample group of orangutans or additional functional studies
would be required to test our hypothesis for the differential KIR expansion in primate
species that exert a KIR-independent or-dependent NK cell education.

Nevertheless, the diverse KIR haplotype content and overall gene repertoire in
hominoids and Old World monkeys are likely to affect the education, activity, and
function of their NK cells, but the precise effect of the haplotype expansions and
contractions remains ambiguous. The equal distribution of both small and large KIR
repertoires in humans and macaques indicates a balancing selection, which might be
an ongoing process to achieve a haplotype equilibrium that serves differential
functions, such as fighting infections and promoting successful pregnancy.
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Conclusion

The KIR gene system is well studied in humans, and reveals multiple mechanisms
that contribute to the plasticity of this immunogenetic cluster (Figure 2). In other
hominoid species, such as chimpanzees and orangutans, indications for a similar
diversifying genetic toolset is evident, although robust data on some mechanisms are
lacking, such as alternative splicing and variegated expression. The variability of the
extensively diversified KIR gene cluster in macaques exceeds that observed in
hominoids, with a prominent expansion of the lineage Il KIR genes, which is largely
mediated by recombination events. The rapid evolution of the KIR gene cluster may
counteract the adaptive nature of pathogens. The species-specific diversification of the
KIR gene cluster might be largely driven by co-evolution with their diversified MHC
class | repertoire and thereby indirectly by the arms race with pathogens. In addition,
aKIR-dependent or-independent NK cell education mightimpact the variable haplotype
content and the extent of KIR gene expansion. Nevertheless, the different molecular
mechanisms responsible for diversification of the KIR gene cluster are shared in Old
World monkeys and hominoids, which suggests an evolutionary effort to diversify the
KIR gene system.
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General discussion and future prospects

Non-human primates are important models for many human diseases that involve
different components of theimmune system. For that reason, a detailed characterization
of these components, and in particular the similarity to its equivalent in humans, is a
necessity. During the course of this thesis, a comparative immunogenetic approach
was chosen to unravel the complexity of a set of important immune receptors that are
expressed by natural killer (NK) cells. NK cells are cytotoxic lymphocytes, which provide
a rapid and non-specificimmune response analogous to that of cytotoxic T cells (CTLs)
[1]. The adaptive response of CTLs is far more specific, as their activation and clonal
expansion depend on rearranged antigen-specific receptors that are educated in the
thymus. Expression of different classes of germline-encoded activating and inhibitory
receptors tightly control the education and activity of NK cells. The killer cell
immunoglobulin-like receptor (KIR) family is one of the major components that is
involved in this regulation, and mainly acts through interactions with major
histocompatibility complex (MHC) class | molecules. In contrast to the T cell receptors,
the KIR receptors are not subjected to rearrangement and have an innate character.
Although KIR may recognize peptides in context of MHC, they primarily seem to
interact with a limited set of polymorphic determinants on MHC class | molecules. The
human KIR genes display a high degree of diversity, which is reflected by copy number
variation (CNV), allelic polymorphism, and different haplotype configurations [2, 3].
This genetic diversification of KIR might be propelled by selective co-evolution with
their MHC ligands, and both systems are in a continuous arms race with pathogens. For
decades, the MHC region was considered the most polymorphic and variable gene
system in primates, but the KIR cluster seems to exceed this plasticity [4, 5]. The diverse
compositions and allelic variety of KIR genes at an individual and populational level is
highly relevant in relation to disease susceptibility and protection, which advocates for
a comprehensive characterization in humans [6-8].

The genetic KIR cluster is to some extent also characterized in several non-human
primate species. We focused on the thorough characterization of KIR genes in rhesus
and cynomolgus macaques, whereas others have defined the KIR cluster in
chimpanzees, orangutans, and baboons [9-12]. Understanding the genetics and
evolution of primate KIR provides a foundation to study their functional impact related
to health and disease, and might also help to refine disease models. The NK cell biology
of macaques and humans display great similarity, which is in sharp contrast to the
largely diverged NK cells in rodents. Therefore, macaque species seem to be a powerful
model to study NK cells and KIR receptor function in relation to health and disease.
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High accuracy characterization of the human and rhesus
macaque KIR genes

In recent years, the KIR gene cluster in humans is extensively examined using
different conventional sequencing approaches. Most of these studies resolved the
genomic KIR content based on the presence or absence of particular gene segments by
amplification with sequence-specific primers [13-15]. This approach may miss out on
essential information on allelic polymorphism, recombinant genes, copy number
variation (CNV), gene expression levels, and post-transcriptional modifications, such as
alternative splicing. Less frequent was the characterization of complete human KIR
haplotypes, but has been demonstrated using Fosmid library sequencing and target-
enriched illumuna sequencing [16, 17]. Contrasting to the mainly genomic strategy in
humans, the KIR genes in macaques were initially characterized by Sanger sequencing
of partial and full-length cDNA sequences that were amplified by sequence-specific
primers [18, 19]. Several macaque KIR haplotype configurations were deduced by
studying gene segregation in families, and revealed extensive expansions and
contractions. Although these early studies were informative, the conventional
characterization strategies often lack an allele level resolution, and might miss genes
with low transcription levels. These shortcomings are mostly explained by a relatively
low throughput and limited fragment length of the used techniques, such as Roche
454 and Sanger sequencing. The development of single-molecule real-time (SMRT)
sequencing platforms, which are commercialized by Pacific Biosciences (PacBio) and
Oxford Nanopore Technologies (ONT), overcome many of the conventional limitations.

The PacBio platform generates sequence information during real time synthesis of
complement DNA using fluorescent nucleotides. This technique offers long read
lengths and high throughput. The relatively high error rate compared to conventional
sequencing methods is largely compensated by sequencing one strand multiple times,
and subsequently allows one to generate a consensus sequence. The high accuracy
and throughput of PacBio consensus sequencing allows complete definition of KIR
transcriptomes in humans and rhesus macaques (Chapter 2). In this study, full-length
KIR transcripts were characterized, which resolved and confirmed novel alleles. Even
more, fusion gene transcripts, which comprised head and tail segments from different
KIR genes, indicated recombination events in the human and rhesus macaque KIR
cluster. Using a family-based study design, segregation analysis enabled the definition
of KIR haplotype configurations. In humans, KIR haplotypes are largely conform a
typical centromeric and telomeric region, with either a more inhibitory or activating
gene content (group A or B haplotypes). More dynamic gene content variability is
featured for rhesus macaque KIR haplotype configurations, as reflected by expansions,
contractions, and the generation of substantial numbers of fusion genes. The
comprehensive overview of human and rhesus macaque KIR transcriptomes
demonstrates the power of the new characterization strategy, which is relatively fast,
cost-efficient, and highly accurate [20].
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Unparalleled rapid expansion of KIR genes in macaque species
and their populations

Characterization of the KIR gene cluster in different distantly related primate
species, such as humans, chimpanzees, orangutans, and macaques, provided a
comparative overview of its evolution [21]. Extensive tandem duplications, deletions,
and recombination events shaped the KIR region in these primates, and seems to be
largely propelled by co-evolution with their MHC class | ligands. The dynamics and
plasticity of the KIR gene cluster might, however, be better reflected by comparing
closely related primate species that share similar MHC class | systems. Using the PacBio
full-length transcriptome strategy, we characterized the KIR gene content in rhesus and
cynomolgus macaques, and their geographically distinct populations (Chapter 3).
These two macaque species are relatively closely related, with a shared common
ancestor that lived approximately 1-3 million years ago.

A profound overview of the KIR gene system was defined in both macaque species,
which recorded 34 rhesus and 55 cynomolgus macaque KIR genes. Of these genes, 24
were considered orthologous, thereby reflecting the close common ancestry, whereas
the considerable number of species-specific entities indicate a rapid evolution. In both
species, the number of fusion gene entities indicated abundant chromosomal
recombination events. This was substantiated by the highly dynamic KIR haplotype
content that involved expansions and contractions. Several KIR genes were not only
found specific for one species, but were also restricted to a particular macaque
population. These population-specific KIR genes suggest an unprecedented rapid
evolution of the genetic cluster. Even more, the macaque KIR genes also feature
extensive allelic polymorphism, with 285 rhesus and 260 cynomolgus macaque
allotypes defined in the studied cohorts. Only two KIR allotypes were recorded the be
shared in both species, and even the different macaque populations only shared one
or two allelic variants.

The unpararelled rapid evolution of the macaque KIR region diversifies their genetic
content at a species and populational level. This KIR diversity might modulate the
outcome of preclinical studies using macaque models. A better understanding of the
genetic profile of macaques, for instance based on their species- and population-
specific KIR gene content, might help to refine biomedical experiments. These
advanced insights might better the translation of results in macagque models to
humans. This might shed a light on the different KIR and MHC class | combinations that
have been associated with disease susceptibility and protection, and eventually help to
develop medicines and therapies for humans.
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A wide variety of KIR isoforms: functional relevance or
transcriptional noise?

The full-length KIR transcriptomes derived from the PacBio studies not only defined
constitutively spliced transcripts, but also resolved high numbers of different
alternatively spliced variants. Some of these posttranscriptional modifications were
previously documented [22-24], but a comprehensive overview of the KIR spliceosome
was lacking. In a follow-up study, we used the PacBio protocol to examine the alternative
splicing profiles in several human and rhesus macaque families (Chapter 4). In total, 18
and 29 distinct splice events were recorded in humans and rhesus macaques,
respectively, and were confirmed in at least two individuals. These splice events, of
which some were gene-specific, were facilitated by different splicing mechanisms,
such as exon skipping and the use of alternative splice sites. At this stage, the structural
and functional consequences of the different splice events is hard to predict. Several
splice events introduce an early stop codon, and might thereby abandon receptor
function. Such an event might be noise in the transcriptional process, but might also
have biological relevance as they function as a rapid switch to modulate receptor
expression levels. Human 9A KIR2DL4 alleles, for example, encode constitutively
truncated receptors, and its expression is not detectable [25]. The use of an alternative
splice site includes an intronic stretch to generate 9A KIR2DL4 transcripts that seem to
encode complete receptor isoforms. In a transfection study, we demonstrated that
these 9A KIR2DL4 isoforms were expressed in endosomes (manuscript in preparation).
In contrast, the same splice event in the in-frame 10A KIR2DL4 allotypes results in
undetectable isoforms, which suggests that alternative splicing might function as an
expression modulator.

The selection and conservation of different alternative splice sites suggests a
functional role for particular isoforms. A highly conserved splice event in macaques, for
instance, involves their only framework gene, KIR3DL20. Transcripts of KIR3DL20
encode KIR3D and KIR2D receptors, the latter of which are consistently generated by
the exclusion of exon 4 from KIR3D transcripts. These alternatively spliced transcripts
display sequence similarity to human KIR2DL5, and are therefore referred to as Mamu-
and Mafa-KIR2DL0O5. The function of KIR2DLO5 isoforms in macaques, or its equivalent
in humans, is not known. Nevertheless, alternative splicing seems to expand the
framework KIR repertoire in macaques, and might facilitate a form of convergent
evolution to generate KIR2DL5-like receptors.

With a comprehensive overview of the KIR splicing profiles in humans and macaques,
the main challenge remains to determine its biological relevance. A method to
determine isoform quantities relative to the constitutively spliced transcripts might
help in understanding isoform function. Most conventional sequencing and
guantification methods, such as real-time gPCR, are limited by short reads, and are
insufficient to determine isoform quantities. The development of SMRT sequencing
platforms might help in resolving isoform expression levels. This would provide insights
into the distribution of KIR isoforms in different tissues or under certain conditions, and
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thereby indicate their functional relevance. Functional isoforms, and the regulation of
its expression, has been documented in literature [26-28]. For instance, the induction
of alternative splicing has been reported in NK cells for the tumor-recognition (NK-TR)
gene, of which the constitutively spliced transcripts encode a truncated and non-
functional receptor [26]. Upon activation of NK cells via IL-2 stimulation, the splicing
pattern of NK cells changed, and functional NK-TR receptors were expressed. A similar
mechanism might regulate the expression and function of KIR receptors and its
isoforms. With the current technological sequencing developments and the profound
knowledge on KIR splicing profiles, future experiments might aim at the understanding
of isoform function.

Genomic haplotype organization

The characterization of the KIR genes at the transcription level fosters the knowledge
on allelic variants, expression levels, and posttranscriptional modifications.
Transcriptome studies lack, however, information on pseudogenes, the physical
location of genes at the haplotype, and non-coding sequences, such as introns.
Therefore, a genomic assembly of the complete multigenic region might provide
additional insights. The complete genomic characterization of KIR haplotypes is a
challenging and time-consuming enterprise, as the region is large (100-300 kb),
contains a dynamic gene content that share high sequence similarity, and harbors
substantial repetitive elements. Indeed, the relatively standard human KIR haplotype
configurations are well defined at the genomic DNA level using time-consuming Fosmid
library and long-range PCR sequencing approaches [17, 29]. These completely
sequenced haplotypes revealed a genomic architecture, in which centromeric and
telomeric regions are occasionally shuffled (e.g., cA01-tA01, cBO1-tBO1, cAO1-tBO1).
The haplotype reorganizations seem to be mediated by abundant transposable
elements that are present in the non-coding regions. The genomic characterization of
complete KIR haplotypes helps to understand how the haplotype diversity is generated,
and what functional consequences might result from that.

Knowledge on the macaque KIR haplotypes is limited, and, so far, only two
completely characterized short haplotypes are documented [30, 31]. Transcriptome
and segregation studies, however, suggest an extensive gene content diversity,
indicating expanded and contracted haplotypes. With the continuous and rapid
evolution, and only a single framework gene, the macaque KIR haplotypes are unlikely
to follow relatively rigid organizations, as is documented for group A and B haplotypes
in humans. The availability of more completely characterized macaque KIR haplotypes
might improve the understanding and evolution of this highly dynamic gene cluster.

We developed a targeted enrichment protocol using Cas9 nuclease activity and
Nanopore sequencing to characterize multigenic clusters, such as the KIR gene region
(Chapter 5). Large and overlapping fragments are generated without amplification,
which avoids errors by strand synthesis and retains modification information, like
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methylation profiles. The overlaps allow phasing of haplotypes, even at regions with
high sequence similarity and in the absence of a reference genome. With this novel
technological approach, we resolved six human and six rhesus macaque KIR haplotypes
at an allele level resolution. This fast and relatively cheap characterization of complex
immune regions might improve clinical protocols, such as the detailed matching of
donor and acceptor compatibility in solid organ transplantation. In addition, more
insights into the dynamic and complex macaque KI/R haplotypes might help to
understand the mechanism driving their extensive diversification. A comprehensive
haplotype study may, for instance, reveal a linkage disequilibrium for different macaque
KIR gene combinations that is similar to some non-randomly associated human KIR
genes, such as KIR2DL2-KIR2DS3-KIR2DL5B. The function of KIR alleles or genes that
are consistently low expressed might be compensated by family members that display
a genomic linkage. For example, in humans it is thought that the function of the poorly
expressed KIR3DL1*004 allotype might be balanced by the presence of KIR3DL2 or/
and KIR2DL4 allotypes that display a strong linkage disequilibrium [32]. Therefore,
defining linkage disequilibriums might help in understanding the concerted function of
KIR receptors.

Overall, this strategy to define complex immune regions might provide a tool to
improve clinical applications. In solid-organ transplantation, for instance, this tool
might improve the resolution of KIR gene matching for the graft donor and acceptor,
and thereby may contribute to an enhanced graft survival. The high resolution may
also lift disease association studies from an allele to a haplotype/region level. In a
functional perspective, the insights into the genomic KIR haplotypes and their
epigenetic profiles might aid the understanding of receptor function. Furthermore, the
characterization of complete KIR haplotypes helps to understand the evolution of
highly dynamic gene clusters that are involved in modulating immune responses.

A diverse group of immune receptors: impact on health and
disease

The primate KIR gene cluster might be one of the most plastic and dynamic regions
of the genome, and is diversified by different molecular mechanisms (Chapter 6). The
combination of these mechanisms, involving chromosomal recombination events,
point mutations, alternative splicing, and variegated expression, generates an array of
diversity that is reflected by haplotype contractions and expansions, recombinant
genes, allelic polymorphism, structural distinct isoforms, and differential expression
patterns. One might expect that this great diversity impacts NK cell education,
activation, and cytotoxicity, and thereby modulate health and disease at an individual
and populational level.

An important biological process in which NK cells are involved is pregnancy [33, 34].
In the early stages of pregnancy, an semi-allogenic fetal trophoblast is implanted in the
maternal uterus, which requires modulation of the local immune components.

213




Chapter 7 | General discussion and future prospects

Specialized NK cells form the predominant population of lymphocytes during early
pregnancy, and are suggested to be involved in trophoblast invasion and vascular
remodelling. These NK cells display relatively low cytotoxic activity, and mainly produce
cytokines and other regulatory factors that modulate the local immune environment.
The variety of activating and inhibitory KIR receptors play an important role to balance
the local NK cell activity. The expression of activating KIR, including KIR2DS1, KIR2DS4,
and KIR2DS5, in combination with the presence of the HLA-C2 epitope, strongly
enhance successful pregnancy [35-38]. The uterus-resident NK cells display increased
expression of those activating receptors during different stages of pregnancy compared
to periphial blood (pb) NK cells. The absence of activating KIR, their HLA-C2 ligands, or
the presence of mainly inhibitory receptors on the uterus-resident NK cells might
contribute to the opposite effect, and is associated with pre-eclampsia [39]. There are,
however, more robust association studies required to determine the precise role of KIR
(allotypes) and its HLA class | ligands in pregnancy, as contradicting results are
documented [40].

As component of the immune system, NK cells also play a major role in disease, in
which they are involved in the identification and lysis of infected cells, the surveillance
of tumour cells, and the regulation of other immune components. The KIR gene
content diversity and the extensive allelic polymorphism might impact susceptibility
and protection to disease at an individual level, and increase survival at a populational
level. These disease associations are often found in concert with the independently
segregating MHC class | ligands. Several viral pathogeneses have been related to the
genetic content of the KIR and MHC class | clusters. The diverse outcomes upon human
immunodeficiency virus (HIV) infection, for example, is at least in part modulated by
the polymorphisms of the KIR and HLA genes of the host [41, 42]. These HIV-related
associations indicate susceptibility, with fast progression to acquired immunodeficiency
syndrome (AIDS), or protection, with complete control of the infection without
medicine. Other diseases associated with KIR gene diversity are, among others,
tuberculosis, rheumatoid arthritis, and different types of cancer [43-45]. Disease
associations studies are, however, only powerful when the involved genes are
characterized in detail, the possible other interfering factors are considered, and the
control group represents a substantial size. The difficulty to interpret these studies is
demonstrated by potentially conflicting outcomes recorded in literature. A role for
KIR2DS4, for instance, was associated with melanoma tumors through its interaction
with non-classical HLA molecules [46], but this was not confirmed in a clinical study
[47].

In the human population, the initial event or infection that proceeds disease is in
many cases not known. The controlled study designs in animal models, however, allows
one to study values for immunization or infection in an individual (t=0), and follow the
onset and course of disease, which facilitates more validated experiments. This might
provide more robust associations of KIR gene content and disease progress. For
instance, infection of macaques with the simian immunodeficiency virus (SIV), which is
similar to HIV-1in humans, models the progression and symptoms of AIDS, and allowed
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to study the highly active antiretroviral therapy (HAART) [48, 49]. These SIV studies
demonstrated that the presence of particular KIR genes, including KIR3DLO2 and
KIR3DSWO08, were associated with protection to AIDS progression. A detailed
characterization of the immune regions in macaques helps in selecting appropriate
individuals for specific preclinical models, and thereby refine in vivo experiments.

Functional implications of differential KIR gene expression

The current studies on KIR receptors in humans, but also in other primate species,
are mainly performed on periphial blood NK (pbNK) cells, where they account for
approximately 10-15% of the circulating lymphocytes. The KIR transcriptomes and
epigenetic profiles obtained from SMRT sequencing studies provide a proxy of the total
KIR repertoire present in an individual. A large proportion of NK cells, however, reside
within peripheral and lymphoid organs, such as the uterus, liver, lungs, gut, and thymus
[50-54]. These tissue-resident NK (trNK) cells may display distinct surface receptors
that retain them within tissues and prevent egress into the periphery [55]. Even more,
trNK cells might have different development pathways and execute specialized tissue-
related functions, as discussed above for uterus-resident NK cells in pregnancy [54,
55]. Knowledge on the KIR gene expression in these trNK cell populations is limited, but
one might expect differential expression profiles compared to that observed in pbNK
cells. This is for example demonstrated in lung- and liver-resident NK cells. In the liver,
trNK cells exhibited an oligoclonal expression pattern of one, two, or three KIR receptors
[50]. Samples from different liver donors did not indicate a clear dominance of a
specific inhibitory KIR, but co-expression of two activating KIR was hardly observed. In
the lungs, only the adaptive (or memory-like) NK cells that reside within the tissue
displayed a distinct KIR expression profile contrasting to the profile in other lung-
resident or pbNK cell subsets [51]. This study, however, determined the expression of
only four KIR genes, and might reflect an incomplete KIR phenotype [51]. The most
extensively studied trNK cell population is the one that resides in the uterus [33, 36,
52]. The enhancement of trophoblast migration and vascular remodelling by the
release of chemokines and cytokines from activated uterus-resident NK cells is a clear
example of a tissue-specific NK cell function mediated by differential KIR expression.

The reason why the KIR expression profiles of trNK cells is poorly examined has
practical and ethical reasons. Tissue samples from human organs are mainly harvested
during surgery, such as lobectomy or liver resection for the removal of primary or
metastatic tumours. These tissues are derived from patients that already have a
compromised immune system, and might not resemble NK cells in a healthy tissue.
With informed consent, tissues from healthy donor organs that were not used for
transplantation can be harvested after death, but gene expression might be affected by
a substantial period of time without organ perfusion [56]. Other options to study trNK
cells include tissue cell line experiments, which might give indications for specific KIR
gene expression profiles, but one has to take into account that this is always affected
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by in vitro circumstances. Animal models, however, might provide more insights into
trNK cells and their specialized functions. As stated earlier, rodent animal models have
a different NK cell biology, and tissue-specialized subpopulations might not translate to
the human situation. Macaques might be the suitable species to examine the
phenotype and function of trNK cells in a controlled and powerful model, which might
broadly translate to human trNK cells. Even more, the many proven disease models in
macaques allow association studies of phenotypical and functional NK cell variations,
including differential KIR expression profiles, in regard to viral and bacterial infections.
The profound insights on the macaque KIR genes gathered in the past decade might
contribute to a better understanding of the specialized NK cell functions in tissues.

Quantification of KIR gene transcripts and their isoforms

The determination of differential KIR expression in distinct NK cell populations is
only the first step to elucidate their biological role. Discrimination between high and
low level expression of different KIR genes, and shifts in these expression levels, would
provide additional insights. Fluctuations in expression level might be triggered by
external factors, such as cell activation through cytokines, the presence of ligands, or
pathogenic or tumorigenic conditions. Current quantification of KIR transcripts rely on
short fragment techniques, such as real-time gPCR and RNAseq in combination with
Illumina sequencing [51, 57, 58]. These methods are able to discriminate the expression
level of most human KIR genes. Differential KIR expression was, for example,
demonstrated in NK/T-cell ymphoma'’s, in which KIR2DL4 was overexpressed compared
to healthy conditions, whereas all other KIR were downregulated [58]. Short-read
sequencing techniques are, however, irrespective to allelic variation, thereby omitting
variable expression levels of KIR allotypes. Differential expression has been
demonstrated for multiple KIR3DL1 allotypes, ranging from high, low, or no surface
expression for particular allotypes. High-resolution quantification of KI/R gene
expression is challenging due to their extensive polymorphisms, copy number variation,
and gene similarity. In macaques, the current short-read methods are insufficient to
guantify the highly expanded KIR repertoire at all, considering the abundant fusion
genes and gene similarities.

Direct sequencing of full-length RNA and cDNA transcripts using SMRT sequencing
platforms enable quantitative transcriptome studies. A high coverage of transcripts is,
however, required, to overcome the relatively low accuracy of these techniques. The
thorough characterization of human and macaque KIR at the transcription level
(Chapters 2 and 3) might contribute to the implementation of transcript quantification
studies. In future experiments, the technological breakthroughs of SMRT sequencing
platforms should be explored to gather more insights on the differential KIR expression
patterns. This would help in defining the (specialized) functions of the distinct KIR
receptors, which so far remained largely elusive.
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The evolution of primate KIR genes

This thesis, together with other characterization studies, provides a comprehensive
overview of the extensive diversity and variation of the primate KIR genes. The KIR
diversification might be largely driven by co-evolution with MHC class | genes, and
thereby indirectly by the arms race with evolving pathogens. This co-evolution is
substantiated by a balanced expansion of MHC and KIR in different primate species,
with more expanded repertoires in macaques compared to hominoids. The plasticity
of the KIR genes, however, exceeds that observed for the MHC class | genes, with more
extensive allelic polymorphism, chromosomal recombination events, CNV, variegated
expression, and alternative splicing. The wide variety of KIR receptors and isoforms,
generated by a continuous evolutionary effort, regulate the NK cell responsiveness,
which in turn modulates the elimination of infected or tumorigenic cells, the regulation
of (adaptive) immune cells, and the trophoblast migration during different stages of
pregnancy. The genomic and transcriptomic characterization of the primate KIR gene
system is now largely elucidated, which paves the way to further explorer the function
of KIR in different biological processes.
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Summary

Natural killer (NK) cells represent a major component of the immune system, and
are involved in the protection against pathogens, the surveillance of tumor cells, and
the regulation of other players in the immune response. The education, activation and
functioning of NK cells is tightly modulated by two major sets of inhibitory and
activating receptors. A conserved set of NK cell receptors include members of the
CD94:NKG2 family that recognize MHC-E molecules. The other set comprise the killer
cellimmunoglobulin-like receptors (KIR), which represent a diverse group of structurally
similar transmembrane molecules. Members of the KIR family co-evolved with their
diversified MHC-A,-B and-C ligands that are in a continuous arms race with pathogens.
The KIR receptors are encoded within the Leukocyte Receptor Complex (LRC) on
chromosome 19g13.4, and segregate independent from their MHC ligands. The KIR
genes are arranged in a polygenic cluster conform a head-to-tail tandem organization,
which is characterized by extensive diversification generated by point mutations and
chromosomal recombination. As such, the KIR gene content is highly unique at an
individual level and displays differential gene distribution at a population level. The
highly variable KIR gene content, in combination with their polymorphic MHC class |
ligands, is associated with differential susceptibility and protection in health and
disease.

In this thesis, we aimed to improve the KIR gene characterization in humans and
macaques. The latter species is commonly used as model in preclinical studies to
develop medicine and therapies. Their KIR gene system and NK cell biology display
similarities to humans, with species-specific variation mainly reflected in the KIR
receptor structure and haplotype organization. Initial transcriptome characterization
studies using conventional sequencing techniques indicated a highly plastic KIR gene
system in macaques that might exceed the complexity observed in humans. However,
a comprehensive overview of the macaque KIR gene system is lacking.

Conventional sequencing techniques, such as Roche 454 and Sanger sequencing,
are limited to relatively short fragments. These techniques might be used to determine
the presence or absence of KIR genes, or to define partial and common full-length
transcripts at an allele level resolution. Nevertheless, the conventional approaches
have an insufficient sequencing depth to obtain a comprehensive characterization of
complex systems, such as KIR. A more thorough characterization of the KIR gene system
is achieved by the application of single-molecule real-time (SMRT) sequencing
platforms, which are commercialized by Pacific Biosciences (PacBio) and Oxford
Nanopore Technologies (ONT). The high accuracy and throughput of PacBio circular
consensus sequencing allowed the complete definition of full-length KIR transcriptomes
in humans and rhesus macaques at the allele level resolution (Chapter 2). A family-
based study design and subsequent segregation analysis enabled the deduction of KIR
haplotype configurations. In humans, these configurations were conforming the
common centromeric and telomeric regions, with either more inhibitory or activating
gene content (A or B). A more dynamic gene content variability is featured in rhesus
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macaques, as reflected by expansions, contractions, and the generation of substantial
numbers of fusion genes. The differences between the human and rhesus macaque
KIR gene systems are in line with the evolutionary distance to a common ancestor,
approximately 25 million years ago. The rapid pace of KIR gene evolution is also
illustrated by the comparison of the closely related rhesus and cynomolgus macaques,
and their distinct populations (Chapter 3). The presence of abundant species- and
population-specific macaque KIR genes indicate an unparalleled rapid evolution, which
is probably propelled by the rapid adaption to differential pathogenic selective
pressures. The diversification is largely mediated through chromosomal recombination
events, which may shuffle head and tail segments of KIR genes, but also complete KIR
haplotype segments.

The KIR transcriptome studies not only resolved the KIR gene diversity and allelic
polymorphism, but also unravelled a wide spectrum of alternative splicing profiles
(Chapter 4). Even though some of the alternative splicing events might represent
transcriptional noise, the conservation of different splice events and the relatively
large number of spliced transcripts in the transcriptome studies, suggest that at least
several isoforms may have functional relevance. The variety of structurally diverged
receptors might, for example, alter their ligand interactions, cellular localization,
expression level, and signalling properties. The wide range of KIR isoforms extends the
plasticity of the KIR gene cluster in primates.

The KIR transcriptome studies revealed information on allelic variants, copy number
variation, chromosomal recombination events, haplotype configurations, and
alternative splicing. However, these studies lack insights on the genomic organization
of this complex gene cluster. We developed a Cas9-mediated target enrichment
protocol to characterize complete KIR haplotypes in humans and rhesus macaques
(Chapter 5). Using this strategy, the KIR haplotype architecture, the non-coding
stretches, such as promotor regions and introns, and the epigenetic profiles were
resolved.

The dynamics of the primate KIR gene system relies on multiple molecular
mechanisms that together generates a compound array of diversity at an individual,
population, and species level (Chapter 6). This molecular toolbox that facilitates rapid
evolutionis sharedin the different primate species, which demonstrates an evolutionary
effort to diversify their KIR gene cluster. The improved insights into the genomic and
transcriptomic KIR profiles, and the development of novel high-throughput techniques,
pave the way to examine functional implications of the dynamic KIR cluster in macaque
models for health and disease (Chapter 7). This knowledge might translate to a better
understanding of the human NK cell biology and related disease phenotypes.
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Natural killer (NK) cellen vormen een belangrijk onderdeel van het immuunsysteem,
en zijn betrokken bij de bestrijding van pathogenen, de detectie van tumorcellen en de
regulatie van andere immuun componenten. De educatie, de activatie en het
functioneren van NK-cellen worden strikt gemodelleerd door twee verschillende
receptor groepen, welke beide activerende en inhiberende signalen kunnen doorgeven.
De geconserveerde groep bestaat uit leden van de CD94:NKG2 receptorfamilie, welke
een interactie kunnen aangaan met MHC-E moleculen. De andere groep omvat de
killer cell immunoglobulin-like receptoren (KIR), welke grote variatie vertonen, maar
structureel verwant zijn aan elkaar. De KIR receptoren en hun zeer diverse MHC-A,-B,
en -C liganden, die in een constante adaptieve strijd zijn met pathogenen, zijn
onderhevig aan co-evolutie. De genen die voor de KIR receptoren coderen liggen op
chromosoom 19g13.4 en segregeren onafhankelijk van hun MHC liganden. De KIR
genen liggen in een kop-staart organisatie gerangschikt binnen een polygenetisch
cluster. Deze gen regio ondergaat veelvuldige en uiteenlopende diversificatie,
aangedreven door puntmutaties en chromosomale recombinaties. Hierdoor is de
combinatie van aanwezige KIR genen tot op zekere hoogte uniek per individu, en zijn
genen en allelische variaties verschillend verdeeld in geografische populaties. De
verscheidenheid van KIR genen, in combinatie met hun polymorfe MHC klasse |
liganden, wordt geassocieerd met de vatbaarheid voor en de bescherming tegen
bepaalde ziektes. Daarnaast zijn verschillende KIR en MHC combinaties in verband te
brengen met de regulatie van biologische processen, zoals zwangerschap.

In deze thesis streven wij naar een verbetering van de karakterisatie van de KIR
genen in de mens en makaaksoorten. De laatstgenoemde diersoorten worden op een
regelmatige basis gebruikt als model in preklinische studies om medicijnen en
therapieén te ontwikkelen. Het makaak KIR gen systeem en hun NK cel biologie
vertoont veel gelijkenissen met dat van de mens. Diersoort-specifieke kenmerken
kunnen vooral gevonden worden in de receptor structuur en de haplotype organisatie.
De eerste studies voor het in kaart brengen van KIR transcripten gebeurde met behulp
van conventionele sequencing methodes en indiceerde een complex systeem met
meer genetische diversiteit in de makaak dan in de mens. Echter, een omvangrijk
overzicht van het KIR gen cluster in de makaak is niet beschikbaar.

Conventionele sequencing technieken, zoals Roche 454 en Sanger sequencing, zijn
beperkt tot het sequensen van korte fragmenten. Daarmee zijn deze methodes
geschikt om de aan- en afwezigheid van genen te bepalen of om partiele en
veelvoorkomende gehele transcripten te identificeren op allel niveau. Desalniettemin
zijn deze technieken niet toereikend genoeg om een uitgebreid overzicht van het
gehele KIR gen systeem te geven. Een meer gedetailleerd beeld kan verkregen worden
met behulp van single-molecule real-time (SMRT) sequencing platforms, zoals Pacific
Biosciences (PacBio) en Oxford Nanopore Technologies (ONT). De relatief hoge
accuraatheid en output van PacBio circular consensus sequencing (CCS) maakte het
mogelijk om humane en makaak KIR genen volledig in kaart te brengen op allel niveau
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resolutie (Hoofdstuk 2). Door een familie-gebaseerd onderzoeksopzet en segregatie
analyses konden KIR haplotype configuraties worden afgeleid. In de mens volgen de
configuraties een standaard organisatie, zowel op de centromere als telomere
segmenten, met of meer inhiberende of meer activerende genen (A of B). Daarentegen
kenmerken de KIR configuraties in de resus makaak een meer dynamische content,
waarbij expansie, contractie, en de formatie van fusie genen voor variatie zorgen. Met
een evolutionaire afstand tot een gemeenschappelijke voorouder van ongeveer 25
miljoen jaar zijn de verschillen tussen het KIR gen systeem in de mens en makaak in de
lijn der verwachtingen. De snelheid waarmee het KIR gen systeem evolueert is ook
duidelijk zichtbaar bij de vergelijking tussen twee nauwverwante makaaksoorten, de
resus en cynomolgus makaak, en hun verschillende populaties (Hoofdstuk 3). De grote
diversiteit aan diersoort- en populatie-specifieke makaak KIR genen tonen een
ongekend snelle evolutie aan, welke waarschijnlijk wordt aangedreven door
evolutionaire selectie onder een uiteenlopende pathogene druk. Deze diversificatie
wordt grotendeels gemedieerd door chromosomale recombinatie, waarbij de kop en
de staart van genen kunnen worden uitgewisseld, maar ook complete haplotype
segmenten kunnen worden gereorganiseerd.

Het karakteriseren van de KIR transcriptie gaf echter niet alleen inzicht in de KIR gen
diversiteit en de allelische variatie, maar ontrafelde ook een wijd spectrum aan
alternatieve splicing profielen (Hoofdstuk 4). Een deel van de alternatieve splicing
gebeurtenissen zijn mogelijk ruis van het transcriptie proces. Echter, de conservatie
van bepaalde splicing gebeurtenissen, en de aanwezigheid van een relatief grote
hoeveelheid aan alternatieve sequenties in de transcriptie studies, suggereren dat een
deel van de isovormen een functionele relevantie hebben. De verscheidenheid aan
structureel verschillende receptoren kunnen bijvoorbeeld van invlioed zijn op ligand
interacties, de lokalisatie in de cel, de expressie niveaus, en de signaaltransductie.
Hiermee wordt de plasticiteit van de KIR genen in primaten verder verruimd.

De KIR transcriptie studies geven voornamelijk een beeld van het polymorfisme,
copy nummer variatie, chromosomale recombinatie, haplotype configuraties, en
alternatieve splicing, maar de genomische structuur van het cluster blijft hiermee
vooralsnog onduidelijk. Daarom hebben wij een Cas9-gemedieerde methode
ontwikkelt om specifiek de KIR regio te kunnen verrijken en daarmee de genomische
organisatie van KIR haplotypes in de mens en de makaak te kunnen bepalen
(Hoofdstuk 5). Deze strategie maakte het mogelijk om de volgorde van KIR genen op
een haplotype, de niet-coderende segmenten, zoals de intronen en promotor regio’s,
en de epigenetische profielen in kaart te brengen.

De dynamiek van de KIR regio in primaten berust op verschillende moleculaire
mechanismes, welke tezamen een uitgebreid pallet aan diversiteit genereerd op
individu, populatie en diersoort niveau (Hoofdstuk 6). Deze set aan mechanismes
faciliteert een snelle evolutie en is geconserveerd in primaten. Dit wijst erop dat er een
evolutionaire selectiedruk is om de KIR regio divers te houden. Met de in dit proefschrift
verworven inzichten op het KIR gen profiel in primaten en met de verdere
doorontwikkeling van nieuwe sequencing technieken, ontstaan er mogelijkheden om
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de functionele implicaties van de dynamische KIR receptor familie gedetailleerder te
onderzoeken (Hoofdstuk 7). Dit brengt een mogelijke vertaalslag van de kennis die
wordt verkregen uit makaak studies naar een beter begrip van de menselijke NK cel
biologie en gerelateerde ziektefenotypes.
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Meer dan vijf jaar aan werk is opgeschreven in dit proefschrift, wat tot stand is
gekomen door het isoleren van DNA uit miljoenen humane en makaak cellen, het op
volgorde zetten van zeker een miljard nucleotiden, en het gebruik maken van ontelbare
uren aan rekenkracht. Al dit werk zou absoluut onmogelijk zijn geweest zonder de
directe en indirecte steun van mensen uit mijn omgeving. Met dit dankwoord wil ik
iedereen bedanken die mij in de afgelopen jaren heeft bijgestaan met raad en daad.
Maar uiteraard is dit ook de plaats waar ik een aantal personen in het bijzonder kan
uitlichten.

Allereerst wil ik jou bedanken, Ronald. Nog altijd vertel jij vol bewondering mooie
verhalen over jouw toenmalige promotor, Prof. Dr. Jon van Rood. Als mijn promotor
ben jij in zijn voetsporen getreden en kan ik op eenzelfde manier teren op jouw
levendige anekdotes, wijze lessen en academische visie. Het vertrouwen dat je in mij
steldesinds de eerste dag waardeerik enorm. Elke keer wanneer ik uit wetenschappelijke
nieuwsgierigheid een nieuwe techniek of methode voorstelde, gaf je mij de ruimte om
het in praktijk te brengen. Ondanks dat er in theorie geen verschil zit tussen theorie en
praktijk, was dit in de praktijk vaak wel het geval. Dit hield het onderzoek in ieder geval
uitdagend. Ondanks je drukke schema benadrukte je altijd de “open deur” cultuur,
waarin ik kon binnen lopen om resultaten te bespreken of voor een simpel praatje over
voetbal. Het werk op jouw afdeling kreeg nog extra glans door de diverse congressen,
waar je mij introduceerde aan wetenschappers in het veld en waar ik ons werk mocht
presenteren voor een groot publiek. In de afgelopen jaren heb ik onder jouw
begeleiding mijn grenzen kunnen verleggen en ben ik ontwikkeld op persoonlijk en
wetenschappelijk vlak. Met het vertrouwen dat je in mij uitspreekt door de aanstelling
als vaste medewerker in de Bontrop-groep hoop ik op nog vele wetenschappelijke
discussies, welke leiden tot mooie publicaties voor onze afdeling. Wie schrijft, die
blijft...

Minstens zo belangrijk tijdens mijn promotie was jij, Natasja. Als de eerste PhD
student die jij hebt begeleid kan ik je vertellen dat je trots mag zijn. In de eerste
maanden heb jij met geduld mij wegwijs gemaakt in de moleculaire technieken en ook
in de daaropvolgende jaren heb je mij altijd voorzien van praktisch advies. Elke keer als
we weer een stapje dichterbij een mooi resultaat kwamen, kon ik bij jou binnen lopen
om de data te bespreken en de vervolgstappen te bediscussiéren. |k waardeer de
kritische en gedetailleerde aanpak waarmee jij mijn manuscripten van commentaar
hebt voorzien, wat vervolgens heeft geleid tot mooie publicaties. Sinds het vertrek van
Gaby heb je laten zien dat je een goede manager bent op de afdeling, waar ik een
voorbeeld kan nemen aan jouw gestructureerde en rustige manier van leiding geven.
Gedurende het PhD traject zijn we steeds meer naar eenzelfde niveau gegroeid en ik
kijk ernaar uit om samen met jou de afdeling verder door te ontwikkelen.
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De grote hoeveelheid data dat is verwerkt in dit proefschrift heb ik natuurlijk nooit
alleen kunnen genereren en verwerken. Daarvoor is een geolied en saamhorig team
nodig dat voor elkaar klaar staat. Ik ben enorm dankbaar dat ik me bij dit team heb
mogen voegen en dat ik heb mogen ervaren hoe jullie met plezier aan de slag gaan.
Jullie bijdrage was niet louter wetenschappelijk... Met alle verhalen over jullie kinderen
ben ik de meest ervaren kinderloze opvoedkundige geworden!

Marit, in de afgelopen jaren heb je veel bijgedragen aan het KIR onderzoek; eerst bij
Jeroen en daarna met mij. Je beheerst de complexiteit van het gen systeem tot in detail
en hierdoor kon je altijd kritisch meedenken over de praktische uitvoering van onze
projecten. Ik bewonder hoe snel je nieuwe technieken oppakt en zelf aan de slag gaat
met ingewikkelde data-analyses. Samen hebben we veel opgehelderd over de
ingewikkelde wirwar aan genen en je mag trots zijn op jouw grote bijdrage aan dit
proefschrift!

Het verbaast me dat jij niet duizelig wordt achter de computer, Nanine. De grote
tabellen om de KIR haplotypes te definiéren zijn zeer waardevol en daarmee heb ook
jij een grote bijdrage geleverd aan verschillende hoofdstukken van dit proefschrift. Er is
geen analist die zo snel en zo nauwkeurig de PacBio data kan verwerken. Heel veel
dank voor dit werk!

Op onze afdeling is het eigenlijk vanzelfsprekend dat de voorraad aan cellen en
geisoleerd DNA/RNA op orde is. Maar dit ligt er natuurlijk niet zomaar. Daarom wil ik
ook jou bedanken, Annemiek, voor alle opwerkingen die jij in de afgelopen jaren hebt
verricht.

Hoe zeer ik stilte en rust waardeer tijdens het schrijven van artikelen, was het fijn
om toch een vast kamergenootje te krijgen. Lisanne, ik waardeer de gesprekken op de
kamer en de discussies tijdens de PhD overleggen. Ook had ik zonder jou waarschijnlijk
na vijf jaar nog steeds in een kale lege kamer gezeten, dus ik ben blij met de plantjes
die ons zijn komen vergezellen! Nu nog de taak om ze in leven houden...

Corinne, ondanks ons werk misschien pas recentelijk wat meer overlap heeft
gekregen nu je ook onderzoek doet naar het KIR systeem in de chimpansees, wil ik ook
jou bedanken voor je input tijdens mijn onderzoek.

En dan nog de twee ex-CGR’ers. Allereerst Nel, je nuchtere blik op vraagstukken kon
ik altijd erg waarderen en soms ook wel om lachen. Ik ben blij dat je me hebt geholpen
met de vele allel submissies naar de database en ik hoop dat je inmiddels geniet van je
pensioen! En ook jou, Gaby, wil ik bedanken voor de adviezen in de eerste jaren van
mijn PhD. Als initiator van het PacBio sequencen op het BPRC heb je toch een hoeksteen
gelegd van dit manuscript.

Al met al dus een heel waardevol team op de genetica afdeling, en zonder jullie was
dit onderzoek nooit zo ver gekomen, en was het werken ook nooit zo fijn geweest.
Bedankt! En hopelijk volgen er nog vele mooie onderzoeken samen als team.

Ondanks dat ik mijn promotietraject afsluit in een bijzondere tijd, waarbij contact

met medewerkers van andere afdelingen minimaal was, wil ik ook deze collega’s
bedanken. Als eerst de groep post-docs die de tijd nam om actief mee te doen met de
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Journal Club. Ondanks dat mijn cel-immunologische kennis soms niet even toereikend
was, heb ik veel geleerd van deze bijeenkomsten. Dus dank daarvoor Ed, Frank, Bart,
Gerrit, Michel, Marieke, Kirsta en Jeffrey. En daarmee wil ik ook meteen mijn dank
richten tot mijn mede-lotgenoten: Karin, Jordon, Raissa, Lisanne, Annemarie, Kinga,
Aafke, Astrid, en Tina, voor de gezellige etentjes in Delft en het delen van hun
ervaringen. Het KIR onderzoek heeft veel gevraagd van onze computer systemen. Ik wil
Doxx, en dan in het bijzonder Billy, enorm bedanken voor hun ondersteuning in het
opzetten van de Linux/Windows computer waarop het Nanopore platform draait en
alle support die ze daarbij hebben verleend. Verder nog mijn dank voor een aantal
mensen die misschien wel het meeste inzicht hebben van het hele instituut. Want
ondanks dat het BPRC gelegen is in een regio waar het slecht is gesteld met de kennis
over voetbal, zijn er toch collega’s die beter weten. Daarom ook mijn dank aan Dirk,
Jeffrey en Paul, die altijd de tijd namen om de wedstrijden van onze landskampioen te
analyseren. Uiteraard ook nog een dank aan Francisca. Je hebt met veel geduld al mijn
figuren ontworpen, waarbij ik vaak terugkwam om nog de kleinste details te laten
aanpassen. Heel erg bedankt voor de tijd die jij hebt gestoken in het ontwerpen van de
figuren en het vormgeven van dit proefschrift.

The many congresses in the most beautiful places introduced me to inspiring
scientists in the field of immunogenetics and NK cells. It is amazing to be part of this
community and | am thankful for the warm welcome. Specifically, | would like to thank
prof. Dr. Peter Parham, prof. Dr. Lutz Walter and Prof. Dr. Jim Kaufman for taking the
time to read my thesis and to take part in the defense-committee. Uiteraard wil ik ook
de andere twee professoren die mijn proefschrift willen beoordelen bedanken, prof.
Dr. Edwin Cuppen en prof. Dr. Rob de Boer. It is an honor to defend my thesis in front of
these well-established scientists.

Naast de zeer gewaardeerde collega’s zou ik ook graag mijn dank willen richten aan
vrienden en familie. Ondanks dat vele hun directe en indirecte bijdrage hebben gehad
in het behalen van mijn doctoraat, wil ik een select aantal in het bijzonder noemen.

Remi, jij bent iemand die altijd voor iedereen klaar staat en je bent van grote waarde
geweest in mijn periode als PhD’er. Ondanks dat je zelf moeilijke tijden hebt
doorgemaakt liet je je nooit uit het veld slaan, en kon ik altijd bouwen op je realistische
en positieve kijk op verschillende onderwerpen. De avonden met lekker eten,
bordspelletjes, drank en je zwarte humor zijn geweldig. En hier hoort Sanne natuurlijk
ook bij. Jouw kookkunsten, enthousiaste verhalen en zorgzame karakter maken je een
bijzonder persoon. Dank dat ik altijd op jullie kan rekenen! En als vriend die ik al bijna
25 jaar ken, Dwayne, ben jij ook een belangrijk persoon geweest in de afgelopen jaren.
Met je uitsloverij tijdens de wintersport en je soms wat rare streken ben je nog altijd
het jochie van de Flierefluiter. Bedankt voor de gezellige momenten bij jou en Esther
thuis, en mooi om te zien hoe de kwajongen nu doorgaat als trotse vader. Ruben, een
vriendschap die een gekke oorsprong kent, maar zich wel ontwikkelt tot iets waardevols.
Als nieuwe mug in Haarlem is het fijn om soms een biertje te kunnen doen en
simpelweg te kunnen zeuren op onzinnige dingen.
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Soms gaan dingen in het leven ook heel anders dan verwacht... Toch wil ik jou,
Esther, bedanken voor de grote steun die je bent geweest tijdens het doen van mijn
onderzoek. Inmiddels weet je zelf hoe het is om een promotie traject te doorlopen en
zal je begrijpen dat het soms lekker is om even op het onderzoek te kunnen zeuren. Het
is fijn dat je in die periode een luisterend oor kon zijn en dat je me altijd motiveerde om
door te gaan. De reisjes naar zonnige stranden en etentjes bij de voor ons welbekende
restaurants waren mooie momenten om het werk te vergeten. Met jouw ambitie weet
ik zeker dat je ook je eigen dromen zal najagen en uiteindelijk als zeergeleerde vrouw
door het leven zal gaan.

Als laatste wil ik mijn familie bedanken. Mads en Demi, jullie beeld van mij, werkende
in een witte jas op een laboratorium in een apencentrum, is natuurlijk al heel accuraat.
Hopelijk kunnen jullie met het lezen van dit manuscript dat beeld nog wat verfijnen!
Lieve papa en mama, jullie hebben altijd duidelijk laten blijken trots te zijn op mijn
werk en vaak gevraagd naar nieuwe publicaties. Dit heeft mij erg gemotiveerd. Zoals
jullie graag willen, en in tegenstelling tot mijn universitaire diploma’s, zal ik deze
mijlpaal wel vieren!
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