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Chapter 1. Introduction

1.1. Introduction

Natural killer (NK) cells are large granular cells from the innate immune system that
play a pivotal role in controlling viral infections and tumors (Vivier et al., 2008). To be
tolerant to healthy tissue, and yet attack infected cells, the activity of NK cells must be
tightly regulated. Unlike B and T cells, NK cells no not undergo gene rearrangements
to generate the repertoire of cell surface receptors. Instead, they use germline-encoded
inhibiting and activating receptors.

Inhibiting NK cell receptors are characterized by the presence of immunoreceptor
tyrosine-based inhibitory motifs (ITIM) in the cytoplasmic tail that may decrease the
state of activation (Vivier et al., 2004). Activating receptors lack ITIMs, but contain a
positively charged amino acid (arginine or lysine) in their transmembrane region, and are
associated with signaling adaptor molecules containing immunoreceptor tyrosine-based
activating motifs (ITAM), such as DAP10, DAP12 or FcγR (Lanier, 2005). NK cells
integrate signals derived from both types of receptors upon cellular contact, thereby de-
termining whether or not their effector functions should be initiated.

Many inhibiting NK cell receptors interact with major histocompatibility complex
(MHC) class I proteins, which are ubiquitously expressed on the surface of nucleated
cells. Because of the abundant expression of MHC-I on many cells, NK cells remain
non-responsive to healthy tissue. But when cells have a decreased expression of MHC-I,
which can occur during certain viral infections or cancer, they can become target for NK
cell killing. This process by which NK cells detect cells with aberrant MHC-I expression
has been coined by Kärre et al. as “missing-self” detection (Ljunggren and Kärre, 1990).

For the development of functional NK cells interactions between inhibiting receptors
and MHC-I are required ((Höglund and Brodin, 2010, Raulet and Vance, 2006, Raulet
et al., 1997)). This process is called NK cell education (or licensing) and determines
the threshold for activation in mature NK cells. Several models have been proposed to
explain NK cell education. The consensus is that every NK cell balances its activation
threshold as a rheostat to adapt to the particular MHC phenotype of its host, depending
on the strength of the inhibitory signaling it received during development (Bessoles et al.,
2014, Brodin et al., 2009, Höglund and Brodin, 2010). Additionally, NK cell education
is associated with phenotypic changes of NK cells, including changes in their surface
receptors specific for MHC-I (Johansson et al., 2005, Sternberg-Simon et al., 2013, van
Bergen et al., 2013). The molecular processes underlying NK cell development, in-
cluding the signaling pathways that are involved in receptor acquisition and education
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1.2 Evolution of NK cell receptors

remain poorly defined. Although several experimental and mathematical studies (Jo-
hansson et al., 2005, 2009, Sternberg-Simon et al., 2013) have contributed to the current
understanding of this education process, further studies are necessary to completely as-
sess the generation and functional differences of the 6000-30000 phenotypically distinct
NK cell subsets in a single individual (Horowitz et al., 2013).

1.2. Evolution of NK cell receptors

Genes encoding NK cell receptors are clustered in two main gene complexes: the natural
killer complex (NKC) encoding C-type lectin-like molecules, and the leukocyte receptor
complex (LRC), encoding the immunoglobulin-like receptors (Trowsdale, 2001). Al-
though these gene clusters are present in several species, there is extensive evidence for
species-specific expansion of different NK cell receptor genes (reviewed in (Kelley et al.,
2005), and see Figure 1.1), resulting in a fascinating complexity of interactions between
MHC-I and NK cell receptors. The NK cell receptor expansions known so far are de-
scribed in detailed below.

1.2.1. Expansion of NK cell receptors in primates

In humans, the main receptors for MHC-I are the killer immunoglobulin-like receptors
(KIRs), which are located in the LRC on chromosome 19q13.4 (Wende et al., 1999).
The haplotypes encoding KIRs exhibit great differences in gene content, and allelic
polymorphism, with up to 17 genes encoded over approximately 150 kilo bases (Par-
ham, 2005). The marked differences in gene content are thought to be the result of non-
reciprocal crossovers in the tandemly arranged genes, causing hybrid loci or contraction
and expansion of the haplotype (Martin et al., 2003, Vilches and Parham, 2002).

KIRs can have either 2 (KIR2D) or 3 (KIR3D) extracellular imunnoglobulin-like do-
mains, and contain either long cytoplasmic tails with ITIM motifs, or short cytoplasmic
tails comprising ITAMs (Vilches and Parham, 2002). An exception is KIR2DL4 which
has a cytoplasmic long tail, and possesses a positively charged residue in the transmem-
brane region, allowing association with the activating protein FcγR (Kikuchi-Maki et al.,
2005).

KIRs expanded between 31-40 million years ago, showing a rapid and species-specific
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Figure 1.1. Cartoon of the NK cell receptor complexes. Legend continued on the following
page.
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1.2 Evolution of NK cell receptors

Figure 1.1. Cartoon of the NK cell receptor complexes. This figure shows a schematic
organization of some of the genes encoded in the NKC (left) and in the LRC (right) for
different species. The NKC encodes genes from the CD94 (yellow boxes), NKG2 (blue),
and Ly49 (red) families. While higher primates have one copy of a non-functional Ly49 gene
(white boxes), lemurs have one functional Ly49, and mice encode 15 Ly49 genes, 11 of which
are functional. Lemurs have expanded their CD94/NKG2 system, with three CD94 genes,
and eight NKG2 genes. KIRs (orange boxes) are encoded in the LRC. All higher primates
share a common organization within the gene complex. Between their four framework genes,
i.e. KIR3DL3, KIR2DL4, KIR3DL2, (gray boxes), and the pseudogene KIR3DP1 (white
boxes), the gene content varies across species. Lemurs have only one non-functional copy,
and mice do not encode any gene in the LRC. The gene order was taken from the literature
sources mentioned in the text.

diversification in primates (Martin et al., 2000). Old world monkeys, apes, and humans
have a common organization of the KIR gene complex, sharing four phylogenetic lin-
eages (I,II,III, and V), which are characterized by their structure and specificity for MHC-
I ((Guethlein et al., 2007a, Rajalingam et al., 2004)). In humans, a lineage I KIR binds
epitopes of HLA-G (Rajagopalan, 2010), lineage II KIRs recognize epitopes A3/A11 on
HLA-A, and Bw4 on HLA-A and B, and lineage III KIRs bind to HLA-C epitopes C1
and C2 (Trowsdale et al., 2001) (a ligand for KIR lineage V has to still be identified).

In the LRC, there are some differences in gene content and specificity of the KIRs across
primate species. Importantly, the marked differences go hand in hand with the evo-
lution of MHC-I genes. In macaques, having duplicated sets of MHC-A and MHC-
B genes (Daza-Vamenta et al., 2004, Shiina et al., 2006), the presence of the Bw4
motif (Adams and Parham, 2001) is related to a large collection of several lineage II
KIRs (Bimber et al., 2008, Blokhuis et al., 2010, 2011, Kruse et al., 2010). Consistent
with the observation that macaques lack MHC-C molecules, they have only one lineage
III KIR, which may not recognize any MHC-class I (Sambrook et al., 2005). Orangutans,
on the other hand, carry fewer MHC-A and MHC-B loci than macaques, and encode only
one lineage II KIR accordingly. Orangutans were the first primates to evolve MHC-C (C1
epitope), corresponding to the expansion of their lineage III KIRs (Guethlein et al., 2002,
2007a). Lineage III KIRs expanded further in chimpazees, correlating with the evolution
of the C2 epitope in MHC-C. Chimpanzee have both inhibiting and activating KIRs, and
eight of them recognize MHC-C specifically (Abi-Rached et al., 2010).

Humans, in contrast, have only seven lineage III KIRs, and two lineage II KIRs. The
specificity for MHC-C has also decreased in humans, where only three KIRs have spe-
cificity for HLA-C, including the inhibiting KIR2DL2/3, and KIR2DL1, and the activ-
ating KIR2DS2 (see Table 1.1). Additionally, humans are the only species that have
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Chapter 1. Introduction

Table 1.1. Ligands of activating and inhibiting human KIRs

Activating KIR Ligand

2DS1 HLA-C2
2DS2 HLA-C1, HLA-A*11:01
2DS3 unknown
2DS4 HLA-C*05:01, A*11:02, C*16:01
2DS5 unknown
3DS1 unknown

Inhibiting KIR Ligand

2DL1 HLA-C2
2DL2 / 2DL3 HLA-C1, HLA-C2, HLA-B*46:01, and HLA-B*73:01 (C1 epitope)
2DL4 HLA-G (might be an intracellular interaction)
2DL5 unknown
3DL1 HLA-A with Bw4 motif, HLA-Bw4
3DL2 HLA-A3/A11
3DL3 unknown

undergone specific expansion in the telomeric part of the KIR complex (Parham and
Moffett, 2013). While the centromeric part of human KIR haplotypes is more similar
to chimpanzee KIR haplotypes (Abi-Rached et al., 2010), the telomeric region in hu-
mans accumulated genes that show mainly activating potential and that have little or
no binding affinity to HLA-I molecules, such as KIR2DS2, 2DS3, and 2DS5 (Moesta
et al., 2010, Pyo et al., 2010). This clear distinction between centromeric and telomeric
genes, allowed for the distinction of two haplotype groups, A and B. Both haplotypes are
present in all human populations (Hollenbach et al., 2010), differ in frequencies and are
mantained by balancing selection (Yawata et al., 2006).

The other main receptor cluster in primates is the NKC (Kelley et al., 2005). The main
members of these gene families are the Ly49 and the NKG2 genes. Primates have only
one gene of the Ly49 gamily, which is a pseudogene, but their NKC encodes several
NKG2 genes (Guethlein et al., 2002, Khakoo et al., 2000, LaBonte et al., 2001, Renedo
et al., 1997). Members of the NKG2 family include the inhibiting NKG2A, the activating
NKG2C, NKG2E, and NKG2D; and the NKG2F, for which no function has been yet
determined (Lazetic et al., 1996). NKG2 proteins dimerize with the invariant CD94
molecule on the cell surface, which contains a short cytoplasmic domain and transduces
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1.2 Evolution of NK cell receptors

the activating or inhibiting signal (Lazetic et al., 1996). An exception is NKG2D, an
activating receptor, which shares little sequence similarity with the other members, and
associates with the activating molecule DAP10.

The ligands of NKG2A and NKG2C include the conserved and non classical HLA-E
molecule in humans and Qa-1b in mice (Borrego et al., 1998, Braud et al., 1998, Petrie
et al., 2008, Zeng et al., 2012), which present peptides derived from the leader sequences
of the classical HLA-A, -B, and -C molecules in humans, and from H2 molecules in
mice. The engagement of NKG2A by HLA-E or Qa-1b inhibits the activity of NK cells,
preventing target cell lysis. In higher primates, both receptor and ligand are very well
conserved (Shum et al., 2002), presenting a system for detection of “gross” MHC-I ex-
pression, that unlike KIRs is highly conserved and stable.

Lemurs, on the other hand, exhibit only one single non functional KIR gene in their
LRC, but they have diversified the genes encoding CD94 and NKG2 (Averdam et al.,
2009). Located in chromosome 7, the NKC comprises eight inhibiting and activating
genes, and three CD94 genes. The equivalent molecule for HLA-E has not been yet
identified in prosimians, but the ligands for the NKG2 receptors are expected to be MHC-
I molecules (Averdam et al., 2009). Additionally, Averdam et al. showed that all possible
CD94/NKG2 combinations are able to form heterodimers at the cell surface, implying
that an exchange of the CD94 or the NKG2 subunit can influence the binding specificity
for MHC class I ligands (Averdam et al., 2009). Thus, lower primates seem to have
evolved an alternative system for variable NK cell receptors.

1.2.2. Expansion of NK cell receptors in rodents

The mouse LRC is located on chromosome 7 in mice and on chromosome 4 in rats (Iizuka
et al., 2003, Kirkham and Carlyle, 2014, Schenkel et al., 2013), but it does not contain
any of the KIRs that bind MHC-I in humans (Martin et al., 2002a). Instead, rodents have
expanded their Ly49 genes, resulting in a remarkable diversity across different inbred
mouse strains (Iizuka et al., 2003, Kirkham and Carlyle, 2014). While the mouse Ly49
complex comprises at least 20 genes and pseudogenes (Wilhelm et al., 2002), the vari-
ation is even larger in rats, with 19 functional genes and 15 pseudogenes Table 1.2 shows
the most important known receptors in mouse strains studied so far (Rahim et al., 2014).

Ly49 receptors in mice are functionally similar to KIRs in humans, having both inhibit-
ing and activating receptors, and genes encoding proteins that preferentially bind MHC-
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Chapter 1. Introduction

I (Schenkel et al., 2013). Although several ligands for activating Ly49 receptors remain
unknown, some activating receptors bind viral encoded proteins (see below).

1.2.3. NK cell receptors in other species

At least five highly conserved polymorphic Ly49 genes have been found in some equids,
including horses, asses and zebras (Futas and Horin, 2013, Takahashi et al., 2004). By
contrast, only one single Ly49 has been found in cattle (McQueen et al., 1998), domes-
ticated dogs and cats, and pigs (Gagnier et al., 2003). Cattle have also functional KIRs,
although their genes are divergent from the primate KIRs (Parham and Moffett, 2013).
Opposite to primate KIRs, which diverged from these founder genes KIR3DL, cattle ex-
panded the founder KIR3DLX. In each species, the gene that was not used became non-
functional (Dobromylskyj and Ellis, 2007, Guethlein et al., 2007b). No species studied
so far is known to have two expanded systems (Parham and Moffett, 2013), but several
species diversify neither, keeping both KIR and Ly49 as one single copy genes (Ham-
mond et al., 2009).

1.3. Why polymorphic and polygenic NK cell receptors?

The evolution of variable NK cell receptor genes is likely shaped by several factors de-
termining fitness and survival, like pathogen resistance, detection of MHC-I ligands, and
reproductive success (Parham and Moffett, 2013). The inter- and intra-species gene di-
versity indicates their rapid evolution. Importantly, the independent convergent evolution
of variable NK cell receptors in several different species highlights their functional im-
portance.

However, the evolutionary selection pressure whereby NK cell receptors became poly-
morphic and polygenic remains unresolved. The conserved inhibitory receptor NKG2A
demonstrates that missing-self detection can be achieved without a polygenic and poly-
morphic NK cell receptor system. Why then have these polygenic and polymorphic
receptors evolved?
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1.3 Why polymorphic and polygenic NK cell receptors?

1.3.1. Response to viral infections

Because of the evolutionary arms race between infectious pathogens and the immune sys-
tem, one possible explanation for the diversification of NK cell receptors is the selection
pressure on NK cells imposed by the successful immunoevasive mechanisms evolved
by several pathogens (Lanier, 2008, Sun and Lanier, 2009). Indeed, there is extensive
evidence of associations between particular NKRs and the viral control caused by vir-
uses, including cytomegalovirus (CMV), human immunodeficiency virus (HIV-1), and
hepatitis C virus (HCV).

KIR in human diseases

Several human studies have provided evidence that particular NK receptors may be dir-
ectly involved in viral control. Associations between particular KIR alleles and disease
outcome has been found in HIV-1, HCV, and Influenza (Jamil and Khakoo, 2011).

During HIV-1 infection, there is an expansion of 3DS1+NK cells, an expansion which
is dependent on the presence of the Bw4-80I epitope, the cognate ligand for this re-
ceptor (Alter et al., 2009, Pelak et al., 2011). The expansion of selected NK cell subsets
could be beneficial to the host due to an immediate and stronger NK cell response. In-
deed, individuals carrying these KIR-HLA combinations showed lower viremia and a
slower progression to AIDS (Flores-Villanueva et al., 2001). Furthermore, an increased
number of KIR3DS1 (caused by a higher copy number variants of KIR3DL1/S1) was
correlated with a lower set viral point in the presence of HLA-Bw4-80I (Pelak et al.,
2011).

In response to HCV infected target cells, NK cells expressing 2DL2/L3 exhibit increased
degranulation compared to 2DL2/L3−NK cells (Amadei et al., 2010). Homozygous in-
dividuals for the 2DL2/L3-HLA-C1 pair control better HCV infection, and can even
experience spontaneous clearance (Khakoo et al., 2004, Romero et al., 2008). Addition-
ally, a protective effect of 3DS1 in combination with HLA-Bw4-I80 in hepatocarcinoma
has been found in patients with chronic HCV infection (López-Vázquez et al., 2005).

Studies of human influenza A virus (IAV) have also shed light on the protective effect of
some KIR-HLA combinations. NK cells from individuals homozygous for the 2DL3-C1
pair had a stronger activation to IAV infected cells than those homozygous for 2DL1-
C2 (Ahlenstiel et al., 2008). Another study of patients infected with 2009 pandemic IAV
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Chapter 1. Introduction

strain (H1N1/09), established that patients having all 3DL1, 2DL1, 2DL2/3 genes had a
lower risk of death (La et al., 2011).

These few examples mirror the large range of studies associating KIR-MHC combina-
tions with the outcome of diseases. However, the lack of well-characterized ligands for
several receptors and specific monoclonal antibodies for specific KIRs limit the under-
standing of the precise molecular mechanisms underlying these associations, and with it
the precise functional role of these receptors upon infection.

Selective downregulation of MHC-I

Several viruses, including Epstein-Barr-Virus (EBV), CMV, and HIV, decrease the ex-
pression of MHC-I to escape from the T cell immune response. Interestingly, the down-
regulation does not always affect all MHC molecules in the same way, but some viruses
have evolved proteins that target only particular alleles (reviewed in (Nash et al., 2014)).
Since the HLA molecules presenting peptides to T cells (A and B) tend to be downregu-
lated, while those inhibiting NK cells (C and E) tend to remain expressed, selective MHC
downregulation seems to be a viral strategy to avoid missing-self detection.

HCMV encodes several immunoevasin proteins that selectively downregulate the expres-
sion of MHC-I on the cell surface (Nash et al., 2014), such as US2 and US11, targeting
specific and non overlapping HLA-A, and HLA-B alleles, by promoting their export into
the cytosol for proteosomal degradation (Gewurz et al., 2001, Llano et al., 2003, Schust
et al., 1998). In addition to selective MHC-downregulation, HCMV encodes proteins that
induce MHC-I expression to inhibit NK cells. For example, UL40 has a high sequence
similarity to peptides from HLA-C alleles (Tomasec et al., 2000, Ulbrecht et al., 2000).
By binding to HLA-E, UL40 can promote its expression on the cell surface, providing a
ligand for NKG2A.

HIV-1 also decrease the expression of particular HLA alleles. HIV Nef binds to the
cytoplasmic tails of the HLA-A and HLA-B molecules in the ER, re-directing them to
endo-lysosomal compartments for degradation (Schaefer et al., 2008). Small differences
in the tails of HLA-C and -E prevent Nef from hampering their transport to the cell
surface, which in turn prevents HIV-infected cells to be lysed by NK cells (Cohen et al.,
1999, Collins et al., 1998, Gall et al., 1998).

Mouse CMV (MCMV) encodes glycoproteins that interfere with the expression of MHC-
I molecules (Wagner et al., 2002). For example, gp40 retains the MHC molecules in the
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1.3 Why polymorphic and polygenic NK cell receptors?

ER (Ziegler et al., 1997), while gp48 re-routes mature MHC to endo-lysosomal compart-
ments for degradation (Reusch et al., 1999). Balancing this broad MHC-I downregulation
is the protein gp34, which escorts some MHC alleles to the cell surface (Kleijnen et al.,
1997).

All these examples highlight the evolutionary importance of viruses partially downregu-
lating the expression of MHC-I molecules. The non-overlapping targets for MHC down-
regulation (such as in HCMV or in HIV-1) illustrate the adaptation of the viruses to sev-
eral MHC-I molecules. By selectively downregulating MHC-I molecules, some viruses
escape from NK cell responses. Thus, it is possible that the evolution of these independ-
ent immunoevasins was driven by the selection pressure imposed by inhibiting NK cell
receptors. The selective downregulation can in turn shape the evolution of the NK cell
receptors, as inhibiting receptors with non overlapping specificities for different MHC
molecules can help to detect missing-self.

MHC-I decoys in CMV

In addition to selectively downregulating the expression of MHC I molecules, some vir-
uses use MHC-I like proteins, i.e. decoys, that can directly interact with the NK cell
receptors to modulate the immune response. Examples of such decoys are the HCMV en-
coded UL18 binding to the inhibitory LIR-1 (Prod’homme et al., 2007), and the MCMV
encoded m144, mimicking key structural characteristics of H-2 molecules (Natarajan
et al., 2006, Prod’homme et al., 2007). Interestingly, UL18 and m144 share more se-
quence similarity with MHC-I than they share with each other, showing that species-
specific immune pressure led to independent acquisition of MHC-I mimics (Farrell et al.,
1997, Natarajan et al., 2006).

The most extensively studied MHC decoy is the MCMV encoded m157 protein. m157
allows MCMV to avoid NK cell activation by engaging inhibitory receptors with high
affinity, as shown in 129/J mice, which are highly susceptible to the infection (Smith
et al., 2002). Unlike 129/J mice, C57BL/6 mice exhibit spontaneous resistance against
MCMV, a phenomenon that has been genetically mapped to one single gene encoding
the activating receptor Ly49H, which also binds m157 with high affinity (Lee et al.,
2001, Smith et al., 2002). The activating Ly49H evolved from its inhibitory counterpart
Ly49I (Abi-Rached and Parham, 2005), indicating that the evolution of the activating re-
ceptors resulted from the novel selective pressure exerted by CMV after evolving MHC-I
decoys (Arase and Lanier, 2002, Lanier, 2008, Sun and Lanier, 2009). The immuno-
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Table 1.2. Ly49 haplotypes in four known mouse strains with their response to MCMV
(modified from (Rahim et al., 2014))

Mouse strain
NOD 129 B6 BALB

Response to MCMV
susceptible susceptible resistant susceptible

A
ct

iv
at

in
g

Ly49D Ly49P Ly49D Ly49L
Ly49H Ly49R Ly49H
Ly49M Ly4UP
Ly49P1

Ly49P3

Ly49U
Ly49W

In
hi

bi
tin

g

Ly49A Ly49Bb Ly49A Ly49A
Ly49Bb Ly49E Ly49Bb Ly49Bb

Ly49C Ly49EC2 Ly49C Ly49C
Ly49E Ly49Gb Ly49E Ly49E
Ly49F Ly49I1b Ly49F Ly49G
Ly49G2 Ly49O Ly49G Ly49I
Ly49I Ly49Q1 Ly49I Ly49Q
Ly49Q Ly49S Ly49J

Ly49T Ly49Q
Ly49V

evasive role of m157 is further supported by observations of MCMV infections in wild
outbred mice, where several strong interactions between m157 and an array of inhibit-
ory receptors were detected, while very few m157 variants engage the Ly49H encoded
receptor (Corbett et al., 2011). Accordingly, there were also variations in viral control.

C57BL/6 is not the only inbred strain resistant to MCMV. Inbred MA/My mice also have
low viral titers after infection with MCMV, although they do not possess the Ly49H gene.
Their resistance is mediated by the activating receptor Ly49P which specifically recog-
nizes MCMV infected cells in a H2−Dk dependent manner (Kielczewska et al., 2009).
Interestingly, this resistance requires the presence of the virally encoded protein m04,
which escorts and binds newly assembled MHC-I molecules on the cell surface. Other
activating receptors that recognize MCMV infection in a m04-H2 dependent manner in-
clude LyL9LBALB,Ly49P1NOD, and Ly49W1NOD (Pyzik et al., 2011). Like m157, the
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1.3 Why polymorphic and polygenic NK cell receptors?

original function of m04 might have been to counteract the effect of MHC downreg-
ulation and avoid “missing-self” detection by inhibiting receptors. These observations
suggest that hosts evolved novel activating receptors to recognize the decoys evolved by
viruses.

Peptide sensitivity

The general concept is that, unlike T cell receptors, inhibiting KIRs (iKIRs) are not
highly specific for particular peptide-MHC (pMHC) complexes. However, several stud-
ies have shown that iKIRs can be sensitive to the specific peptides bound by the HLA mo-
lecules (Hansasuta et al., 2004, Malnati et al., 1995, Peruzzi et al., 1996, Rajagopalan and
Long, 1997, Thananchai et al., 2007). Crystal structures of KIR2DL1 and KIR2DL2 in
complex with their HLA-C ligands further supported this observation (Boyington et al.,
2000, Brooks et al., 2000, Fan et al., 2001, Li and Mariuzza, 2014), by revealing that
specifically positions 7 (P7) and 8 (P8) of the bound peptide are in direct contact with
residues of the iKIR. Other studies showed that peptides having weak or no binding to
iKIRs can markedly reduce KIR-mediated inhibition (Cassidy et al., 2014, Fadda et al.,
2010).

Because of the direct contact between iKIR and the MHC presented peptides, NK cell
activation may vary in a peptide dependent manner, making iKIRs sensitive to changes
in the peptide repertoire presented by MHC-I molecules. These observations calls for an
extension of the current model of NK cell activation: “missing self” detection could be
complemented by “altered self”, where changes in the MHC-I peptide repertoire modu-
late the NK cell signaling.

In the context of viral infections, the importance of peptide sensitivity has been emphas-
ized by recent HIV-1 studies, which demonstrate that sequence variations within HLA-
C restricted HIV epitopes disrupt or promote the binding to inhibiting KIR2DL2, sub-
sequently modifying NK cell activation (Fadda et al., 2012, van Teijlingen et al., 2014).
Importantly, these studies show that a small number of naturally occurring variants of
HIV-1 epitopes that are presented by HLA-C*03:04 can strongly engage KIR2DL2, in-
ducing a strong inhibiting signal for the NK cells (van Teijlingen et al., 2014). It is
tempting to speculate, that viral variants are selected to avoid NK cell mediated immune
responses in individuals expressing the adequeate KIR/HLA pair.
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1.3.2. Reproductive success

Since the divergence from chimpanzees, hominids have evolved several changes in as-
pects of locomotion, anatomy, and reproduction (Parham and Moffett, 2013). Two key
aspects of this human specific evolution affect the reproductive success: bipedalism and
larger brain size. The evolution of bipedalism imposed drastic anatomic changes in the
size and shape of the human female pelvis, affecting directly the size of the birth canal.
While the size of the birth canal was decreasing, the evolution of larger brains was im-
posing additional challenges for a successful birth (Parham and Moffett, 2013).

The evolution of bigger brain sizes required more blood supply in the placenta (Leonard
et al., 2007), a process that has been achieved by an arterial remodelling of the uterine
arteries (reviewed in (Wallace et al., 2012)). Arterial remodelling occurs thanks to extra-
villous trophoblast (EVT) cells. EVT are fetal cells invading the uterus, transforming
the spiral arteries into large vessels that are able to provide adequate blood supply to the
growing fetus (Moffett-King, 2002). Indeed, pre-enclampsia and recurrent miscarriage
have been associated with a compromised arterial remodelling (Wallace et al., 2012).

A successful EVT invasion depends on the interactions of EVT with uterine NK cells.
The activation of uterine NK cells is important for arterial remodelling, as it results in the
release of cytokines, which in turn promote migration of the trophoblasts (Xiong et al.,
2013). Because EVT uniquely express HLA-C (lacking HLA-A, or -B), and uterine NK
cells preferentially express HLA-C specific KIRs (Sharkey et al., 2008), several correla-
tions between reproductive success and particular KIR/HLA-C combinations have been
found (Hiby et al., 2004, 2010, 2014). The presence of HLA alleles binding more inhib-
iting than activating receptors results in compromised arterial remodelling and reduced
fetal growth (Kieckbusch et al., 2014). Accordingly, mothers being homozygous for KIR
A haplotypes have a high risk of developing pre-enclampsia if the fetus carries one C2
allele, as AA homozygous individuals have two copies of the inhibiting KIR2DL1, which
binds strongly to C2 (Hiby et al., 2004, 2010, 2014).

The evolution of larger brain sizes started mainly in Homo erectus (Robson and Wood,
2008) and correlates with the emergence of B haplotypes. However, the evolution of
more activating KIRs is not always beneficial for reproduction. NK cell-mediated pla-
centation can lead to large babies that are not able to pass through the birth canal, caus-
ing obstructed labor. A successful placentation is hence dependent on a tight NK cell-
mediated regulation. Therefore, the pressure for a successful reproduction can drive and
maintain inhibiting and activating receptors specific for MHC-I.
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1.4. Studying the evolution of NK cell receptors

Computational modeling is a useful tool to study long term evolution, and has been
widely used to study host-pathogen co-evolution (Borghans et al., 2004, Schmid et al.,
2010). In this thesis, we make use of computational and mathematical modeling to
provide further insights into the evolution of NK cell receptors hoping to answer the
question of why NK cell receptors have evolved to become specific, polygenic, and poly-
morphic.

We focus on the different hypothesis related to viral infections, i.e. viral evolution of
decoys, peptide sensitivity, and selective MHC-downregulation. We first study the effect
of MHC-I decoys on the evolution of the specificity of inhibiting receptors (Chapter 2).
For this purpose, we developed an agent-based model (ABM) of human-like populations
that are infected with herpes-like viruses causing chronic infections. We extended this
model to include to activating receptors (Chapter 3). These studies allow us to quantify
how specific activating and inhibiting KIRs must be to be protective to CMV-like vir-
uses. In Chapter 4 we expand our model further and allow for host-pathogen evolution.
Chapter 5 focuses on studying the selective MHC downregulation, and in Chapter 6 we
use a mathematical model to study whether peptide sensitivity can be a possible explan-
ation of polygenicity of NK cell receptors.
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Virus encoded MHC-like decoys
diversify the inhibitory KIR
repertoire
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PLoS Computational Biology, 9(10): e1003264.
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Abstract

Natural killer (NK) cells are circulating lymphocytes that play an important role in the
control of viral infections and tumors. Their functions are regulated by several activ-
ating and inhibitory receptors. A subset of these receptors in human NK cells are the
killer immunoglobulin-like receptors (KIRs), which interact with the highly polymorphic
MHC class I molecules. One important function of NK cells is to detect cells that
have down-regulated MHC expression (missing-self). Because MHC molecules have
non polymorphic regions, their expression could have been monitored with a limited set
of monomorphic receptors. Surprisingly, the KIR family has a remarkable genetic di-
versity, the function of which remains poorly understood. The mouse cytomegalovirus
(MCMV) is able to evade NK cell responses by coding “decoy” molecules that mimic
MHC class I. This interaction was suggested to have driven the evolution of novel NK cell
receptors. Inspired by the MCMV system, we develop an agent-based model of a host
population infected with viruses that are able to evolve MHC down-regulation and decoy
molecules. Our simulations show that specific recognition of MHC class I molecules
by inhibitory KIRs provides excellent protection against viruses evolving decoys, and
that the diversity of inhibitory KIRs will subsequently evolve as a result of the required
discrimination between host MHC molecules and decoy molecules.
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2.1. Introduction

Natural killer (NK) cells constitute 5–25 % of the lymphocytes circulating in human peri-
pheral blood (Caligiuri, 2008). Being part of the innate immune response, they play an
important role in the defense against viral infections and in tumor surveillance (Lanier,
2008). In contrast to T and B cells, NK cells do not use somatic gene rearrangements to
generate a diverse repertoire of cells expressing unique receptors. Instead, they sample
a subset of receptors from a repertoire of activating and inhibitory receptors encoded by
the germline.

Individual NK cells express several inhibitory and activating receptors that recognize,
among others, major histocompatibility complex (MHC) class I and MHC class I related
molecules as their ligands (Lanier, 2005). The interaction between these receptors and
ligands generates signals that either allow the NK cell to attack target cells or prevent
it from harming healthy tissue. Several viruses down-regulate the expression of host
MHC class I molecules, and since these molecules are often inhibitory ligands of NK
cell receptors, loss of their expression on the infected cell induces NK cell activation.
This mechanism by which NK cells attack MHC-class I deficient cells was coined by
Kärre et. al (Ljunggren and Kärre, 1990) as “missing-self” detection.

In humans there are two main receptor families contributing to missing-self detection.
The inhibitory receptor CD94/NKG2A binds to complexes of the human leukocyte anti-
gen (HLA)-E, presenting peptides derived from the leader sequences of HLA-A, -B, and
-C (Braud et al., 1998, O’Callaghan, 2000). In this inhibitory interaction both receptor
and ligand are highly conserved, and the down-stream effects are remarkably similar in
different individuals (Shum et al., 2002). In contrast, killer immunoglobulin-like recept-
ors (KIR), recognizing the highly polymorphic HLA-A, -B, and -C molecules, can be
both inhibiting and activating, are very diverse, and rapidly evolving (Jamil and Khakoo,
2011). Engagement of either inhibitory KIR or NKG2A inhibits the activity of an NK
cell, preventing target cell lysis. Phylogenetic studies have shown that the CD94/NKG2
system is relatively old, and that the KIR genes have evolved more recently (Parham
et al., 2010). Thus, there are two NK cell receptor systems, one conserved and one
highly diverse, detecting abnormalities in MHC expression on cell surfaces.

KIRs are encoded by a large family of genes exhibiting a remarkable variability in gene
content and allelic polymorphism. The KIR complex in humans contains up to 14 KIR
genes and pseudogenes (Trowsdale et al., 2001) that are arranged into two main groups
of haplotypes, A and B, differing in size, gene content, function, and disease associ-
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ation (Vilches and Parham, 2002). Since the MHC and KIR loci are on different chro-
mosomes (in humans, on chromosome 6 and 19, respectively), a tremendous number of
possible receptor-ligand combinations exists on the population level. Moreover, KIR-
HLA interactions are rather specific, with four mutually exclusive epitopes on HLA mo-
lecules (A3/11, Bw4, C1 and C2) so far identified as inhibitory KIR ligands (Moretta
et al., 1996). KIR interactions with HLA-C are sensitive to polymorphisms at distal po-
sitions (Moesta et al., 2008) and to bound peptides (Fadda et al., 2010), affecting KIR
binding, and with that the functionality of NK cells. It is widely accepted that the fine
specificity and vast diversity of B and T cell receptors per individual render each host the
capacity to recognize many different pathogens, and to distinguish them from healthy
tissue. But how does the specificity and much smaller diversity of NK cell receptors per
individual contribute to the host’s survival? If missing-self detection were the main func-
tion of inhibitory KIRs, and since this can also be achieved by the conserved receptor
NKG2A, why have these more recent NK cell receptors evolved to become specific,
polymorphic, and diverse?

Specific KIR alleles have been associated with particular infections such as HIV, HCV,
cerebral malaria, and with several pregnancy disorders (Alter et al., 2011, Hiby et al.,
2004, 2010, Hirayasu et al., 2012, Khakoo et al., 2004, Knapp et al., 2010, Moraru
et al., 2012). Indeed, population genetic studies have suggested that a high degree
of KIR diversity is necessary for surviving epidemic infections and population bottle-
necks (Gendzekhadze et al., 2009), but no explicit evolutionary mechanism selecting for
novel KIR alleles has been proposed so far. Why polymorphic KIRs would be required
to just detect MHC down-regulation remains puzzling.

Cytomegaloviruses (CMV) and other viruses from the herpes family have large genomes
that encode for a series of immuno-evasive mechanisms, targetting key molecular steps
necessary for a successful immune response (Griffin et al., 2010, McGeoch et al., 2006,
Revilleza et al., 2011). Particularly important for the evasion of NK cell surveillance
are MHC-I like molecules that can engage inhibitory NK cell receptors, like the mouse
CMV (MCMV) encoded glycoprotein m157 binding to Ly49 receptors (Arase et al.,
2002, Smith et al., 2002), and the human CMV (HCMV) UL18 engaging the inhibit-
ory leukocyte immunoglobulin-like receptor LIR–1 (Wilkinson et al., 2008). Not all of
these evasion strategies have been elucidated yet, and it remains unclear whether m157
and UL18 are the only decoy molecules evolved by herpes viruses. Recent studies have
revealed a strong imprint in the KIR repertoire of CMV seropositive individuals (Béziat
et al., 2013, Charoudeh et al., 2013), suggesting that additional CMV evasion mechan-
isms interacting directly with KIRs (e.g. novel decoy molecules yet to be identified) exert
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a strong selection pressure.

We investigated whether the presence of viral decoys like MCMV m157 or HCMV UL18
can drive the expansion of specific, inhibitory NK cell receptors, such as KIRs. We per-
formed our study with an agent-based computer model of co-evolving hosts and viruses.
Our results show that specific MHC recognition by inhibitory KIRs provides excellent
protection against viruses evolving decoy molecules, and that diversity in the receptor
system can be a consequence of this specific interaction between MHC and KIR mo-
lecules.

2.2. Results

To investigate the evolution of the KIR genes we developed an agent-based model con-
sisting of a host population infected with a non-lethal herpes-like virus causing chronic
infections. In this model, individuals were randomly selected during every time step to
be confronted with one of the randomly chosen events: birth, viral infection, and death.
We modeled a host population of simplified humans carrying one MHC locus and one
KIR haplotype composed of five genes. Here, we only modeled inhibitory KIRs and
work on activating receptors is in progress. All hosts were initialized with the same ran-
domly generated KIR haplotype, but with different MHC genes. While we allowed for
mutation of novel KIR genes during the birth event, mutation of MHC molecules was
not considered, and the initial MHC polymorphism (14 alleles, mimicking the number
of common HLA-C molecules) remained constant throughout the simulation. Although
the host population considered here is inspired on humans, the model remains simple to
allow it to be general and also apply to the evolution of KIR in ’higher’ primates in which
the KIR genes also expanded and diversified (Averdam et al., 2009).

KIR, MHC, and viral MHC decoys were modeled with bit strings (i.e., randomly gener-
ated sequences of zero and ones), as a simplified representation of amino acid sequences
(see Material and Methods). Receptor-ligand binding depended on the longest adjacent
complementary match between their bit strings (Figure 2.1 A). If the length of the longest
match reached a threshold L, the molecules could interact. Table 2.1 depicts the relation
between the specificity, i.e., the likelihood of such an interaction, and L.

In every host, those KIRs that failed to recognize any of the two MHC molecules present
in the individual were deleted from the host’s repertoire, leaving each host with only a
“licensed” KIR repertoire. Only those KIR molecules that were licensed participated in
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Table 2.1. Relationship between specificity and crucial parameters for clearing the infection

Specificity
(L)

MHC
recognition
(p)

Licensed KIRs
(n)

Protection
(P )

Heterozygous
advantage
(HA)

1 1.000 10.000 0.000 1.000
2 0.959 9.984 0.000 1.000
3 0.696 9.078 0.000 1.000
4 0.396 6.352 0.041 1.007
5 0.197 3.551 0.458 1.112
6 0.095 1.818 0.833 1.367
7 0.041 0.807 0.966 1.657
8 0.024 0.477 0.988 1.783
9 0.011 0.222 0.998 1.894
10 0.006 0.120 0.999 1.941

The specificity of a KIR molecule L is measured in bits. The analytical expectations of
its probability of recognizing MHC, the expected repertoire of licensed KIRs, the
expected protection against decoy viruses, and the expected heterozygous advantage of
two KIR haplotypes were calculated as described in Material and Methods.

the immune response, mimicking the MHC-dependent education process during NK cell
development (Anfossi et al., 2006). The expected number of licensed KIRs per host,
and consequently the probability of the host being protected, depends on the specificity
of the KIR molecules, and can be calculated as described in Material and Methods (see
Table 2.1).

Infection of a host started with a short acute phase, after which the individual could either
recover, or become chronically infected. We considered 16 different viruses: one “wild
type” virus, one “MHC down-regulating” virus, and 14 “MHC decoy” viruses (i.e., one
for each of the 14 MHC molecules in our model). We did not allow for superinfection and
hosts could be infected with one of the 16 viruses only. The evolution of decoy proteins
was modeled by allowing the virus to adopt a randomly selected MHC molecule from its
host. Therefore, each decoy protein was actually an MHC molecule. The host popula-
tions were first inoculated with the “wild-type” virus, which was typically cleared after
the acute phase because of the assumed immune response of both, cytotoxic T and NK
cells (Figure 2.1 B). The effect of the immune response was modeled by a parameter de-
scribing the probability of clearing the infection. For the wild-type virus, this parameter
was set relatively high, i.e. 85 % of the wild type infections were cleared, resulting in
approximately 30 % of the individuals becoming chronically infected (Figure 2.1 B, and
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Figure 2.2 blue line). The clearance probability was lower for the down-regulating and
decoy viruses, resembling their immune escape. Viruses establishing chronic infections
spread over much longer periods of time than those that do not; and we therefore expect
viruses capable of MHC down-regulation and carrying decoy molecules to outcompete
wild-type viruses. We used this model to investigate the evolution of the KIR system,
and compared the selection pressures imposed by different viral variants.

2.2.1. Specific inhibitory KIRs are disadvantageous in populations
infected with a virus down-regulating MHC expression

If detection of MHC class I is the main function of inhibitory KIRs, we expect that KIRs
do not need to be specific nor diverse because missing self detection can be achieved by
a limited set of monomorphic receptors. To address this, we analyzed the effects of KIR
specificity on populations infected with a virus that is capable of MHC down-regulation
to escape T cell response. The immune escape of this mutant was modeled by decreasing
the probability of clearing the infection (from 85% to 70%), resulting in a better spread of
the virus and a larger fraction of individuals becoming chronically infected (Figure 2.1 B,
and Figure 2.2 A red line).

We screened the average population size as an indicator of the hosts’ protection after
an infection. By comparing simulations with degenerate KIRs with those with specific
KIRs, we observed significant differences in population sizes (from 4300 in L = 1 to
4100 in L = 10, p = 0.0019, Mann-Whitney U test). Although the effect of KIR
specificity on protection against an MHC down-regulating virus was small, it clearly in-
dicated that hosts with highly specific KIR–MHC interactions were more vulnerable than
those having degenerate KIRs (Figure 2.2 A,B,E). Why is a high KIR specificity disad-
vantageous during an infection with an MHC down-regulating virus? Since degenerate
KIRs (i.e. L = 1) are likely to recognize any MHC in the population, these receptors
are perfectly capable of detecting the presence (and hence absence) of MHC molecules
within one individual. But if the KIR-MHC interaction is specific enough (i.e. L ≥ 5),
the chance of a KIR to recognize any MHC within the same individual is small, imped-
ing the host to detect MHC down-regulation, i.e. missing-self. Thus, the potential to
recognize the absence of MHC molecules, and with it to clear the infection, decreases
with a higher specificity of KIR-MHC interactions. Note that the inability of a specific
inhibitory KIR to recognize missing-self is independent of the education process we im-
plemented in the model. These results were consistent in all simulations we ran for each
specificity setting (L = 1− 10, Figure 2.2 E red line), confirming our reasoning that for
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A

B

Figure 2.1. Schematic model description. (A) KIRs and MHC molecules are implemented
as bitstrings. The receptor-ligand recognition is modeled via complementary matching. Here,
the longest adjacent match is 6 bits long, and when the length of this match exceeds the
threshold L, the MHC molecules can be recognized by the KIR. (B) Description of the viral
evasion mechanisms. The wild type virus can evolve MHC-downregulation and a decoy
ligand for KIRs. The immune escape of the virus after evolution of the immunoevasive
mechanisms is modeled by decreasing the clearance probability p. The arrow-headed lines
indicate the activation of the T cell or the NK cell, whereas the bar-headed lines indicate their
inhibition.

24



2.2 Results

**

**

**

n.s.

n.s.

wild type
MHC down-
regulation

no infection

wild type Decoy

no infection

years
4000 6000 8000 10000 12000 14000

years
4000 6000 8000 10000 12000 14000

years
4000 6000 8000 10000 12000 14000

years
4000 6000 8000 10000 12000 14000

P
op

ul
at

io
n 

S
iz

e
0

20
00

40
00

P
op

ul
at

io
n 

S
iz

e
0

20
00

40
00

P
op

ul
at

io
n 

S
iz

e
0

20
00

40
00

P
op

ul
at

io
n 

S
iz

e
0

20
00

40
00

P
op

ul
at

io
n 

S
iz

e
25

00
35

00
45

00

KIR specificity scale (bits)
1 2 3 4 5 6 7 8 9 10

WT
MHC downregulation
Decoy

A B

C D

E

Figure 2.2. KIR specificity is protective against viruses evolving MHC-like decoys. Le-
gend on the following page.

missing-self detection, inhibitory NK cell receptors do not need to be specific.

2.2.2. Specific inhibitory KIRs protect hosts against a virus evolving
decoy molecules

To avoid elimination by the host immune response, viruses like CMV code decoy MHC
molecules that can engage inhibitory NK cell receptors (Arase et al., 2002, Smith et al.,
2002). As KIR specificity did not have a large effect on missing-self detection, we
wondered whether high KIR specificity can be an adaptation to a CMV like virus. In
our model, a virus down-regulating the MHC expression in one individual, can randomly
select one of the MHC molecules of its host, incorporate it in its “genome”, and express
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Figure 2.2. KIR specificity is protective against viruses evolving MHC-like decoys.
A host population was inoculated with a wild type virus after a “burn in” period of t =
5000 years; we allowed for mutation of the virus 5000 years after the initial epidemic. (A)
The MHC down-regulating virus (red line) is fitter than the wild type virus (blue line), infect-
ing more individuals and resulting in a larger decrease of the total population size (grey line).
Here, the host population has degenerate KIRs (with L = 1 bit). (B) Population with a highly
specific receptor-ligand recognition (with L = 10 bits). (C) Viruses evolving MHC down-
regulation and decoy molecules (black line) take over the wild type virus (blue line), infecting
more individuals and resulting in a larger decrease of the total population size (grey line). In
a host population with degenerate KIRs, i.e., L = 1 bits, almost all individuals are infected
with the virus. (D) The spread of the virus is reduced in host populations with specific KIRs,
e.g., L = 10 bits. (A)-(D) single representative simulations of the first 15 000 years of the
simulations. (E) Ten simulations were carried out per specificity value ranging from L = 1
bit to L = 10 bits. At the end of each simulation (i.e. 200 000 years), the mean of the total
population size over the last 100 000 years was taken as a measure of the protection level of
the host population. Protection against the wild type virus (blue) was not dependent on the
specificity of the KIRs. Protection against an MHC down-regulating virus (red) was slightly,
yet significantly worse in simulations with specific KIRs (i.e. L ≥ 7), whereas protection
against the virus evolving decoy molecules (black line) increased drastically in simulations
with specific systems (i.e. L ≥ 5). (** represent p values < 0.005 and were calculated using
the Mann-Whitney U test. The boxes represent the interquartile range, the thick horizontal
lines represent the median, and the circles are outliers.).

it as a decoy protein in the current and subsequent hosts. While in the current host this
decoy is always successful, in the subsequent hosts its success will depend on the spe-
cificity of the KIRs. Viruses carrying successful MHC decoys can escape the immune
response of both T and NK cells. The fitness cost of a host infected with one of these
successful viruses was modeled by decreasing the probability of clearing the infection to
zero (Figure 2.1 B). Thus, each individual with KIRs recognizing a foreign viral decoy
like self MHC, became chronically infected in the model.

The better adaptation of a decoy virus compared to the MHC down-regulating virus was
reflected in a higher fraction of chronically infected individuals and in a lower pop-
ulation size (Figure 2.2 C). But, opposite to what we observed with the virus down-
regulating MHC, the effect of KIR specificity was drastic. The average population size
increased from 2500 individuals in a degenerate system to 4100 in a very specific system
(p = 0.0019, Mann-Whitney U test). Populations having specific KIR-MHC interac-
tions were thus much better protected than those with degenerate or cross-reactive KIRs
(Figure 2.2 C, D, E).

Why is a highly specific KIR-MHC interaction advantageous in this CMV like infection?
To protect the host, KIRs face the challenge to detect MHC down-regulation but not re-
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cognize the viral decoy masking MHC down-regulation. As seen in the previous section,
a host with degenerate KIRs always has a large repertoire of licensed KIRs, and there-
fore always succeeds in detecting missing-self. But because of the same low specificity,
the KIRs within that individual are expected to also recognize foreign decoy molecules
as self MHC. On the other hand, a specific KIR system results in a smaller repertoire
of licensed KIRs per individual, impeding the host’s ability to detect missing-self (see
Table 2.1 and previous section). However, because of their high specificity, it is also
unlikely for any licensed KIRs to recognize foreign decoys. Therefore, a decoy virus
typically fails to escape NK immune responses, allowing the infection to be cleared.
Again, these results were consistent in all simulations we ran for each specificity setting
(L = 1 − 10, Figure 2.2 E black line), showing that KIR specificity helps protecting
individuals against viruses evolving MHC-like molecules.

2.2.3. KIR diversity evolves as a consequence of high specificity

We next studied the effect of specificity on the evolution of KIRs. To estimate the di-
versity of KIR molecules in the population, we calculated the Simpon’s Reciprocal Index
(SRI) (Simpson, 1949). The SRI is a diversity measure that is equal to the total number
of KIR alleles if they are all equally distributed in the population, whereas the SRI is
lower than that in a population where some alleles dominate (described in Material and
Methods). This measurement of diversity has the advantage that it is not sensitive to
fluctuations in the frequencies of rare KIR alleles in the population.

KIR polymorphism remained low in populations having degenerate and cross-reactive
KIRs (i.e. L < 5), whereas it increased significantly in populations with specific KIR-
MHC interactions (Figure 2.3 A-B). Why is there only selection for diversity in those
populations having specific KIRs? Since every host needs to recognize at least one of its
MHC-molecules to have a licensed KIR repertoire, and this is guaranteed with degener-
ate KIRs, there is hardly any selection pressure in these populations to evolve novel KIR
molecules. But with specific KIRs, individuals do not always recognize their own MHC
and hence they are more vulnerable during the infection with an MHC down-regulating
virus. The chance of recognizing self MHC is higher in individuals carrying two dif-
ferent haplotypes of inhibitory KIRs. Therefore, heterozygous hosts have an advantage
over homozygous hosts, an effect that becomes larger with increasing KIR specificity.
We conclude that this “heterozygous advantage” is the main selection pressure driving
the evolution of novel KIR haplotypes, and that the selection pressure is largest in popu-
lations with specific KIR-MHC interactions.
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Figure 2.3. KIR polymorphism evolves only in populations having specific KIRs. The
degree of KIR diversity (expressed as the Simspon’s Reciprocal Index) increased only in
populations having specific KIRs (i.e., for L ≥ 5), whereas in populations with degenerate
KIRs it remained close to its initial value, reflecting largely neutral drift. The time plot
in (A) represents the KIR diversity in a population infected with an MHC-downregulating
virus, and the time plot in (B) shows the KIR diversity in populations infected with viruses
evolving decoy molecules. Each line represents the mean of the SRI score, i.e. averaged
over 10 different simulations. The different colors represent the specificity values ranging
from L = 1 to L = 10 bits. (C) Mean SRI score at the end of the simulation for each
specificity value. There is a significant difference in the SRI score between the infection with
an MHC down-regulating virus (red) and an infection with a virus evolving decoy molecules
(black) (* represent p values < 0.05 and ** p values < 0.005, Mann-Whitney U test. The
boxes represent the interquartile range, the thick horizontal lines represent the median, and
the circles are outliers.).

2.2.4. Specific and orthogonal KIR haplotypes emerge after infec-
tions with CMV-like viruses

We argued that heterozygous advantage drives the selection of novel KIR molecules in
populations with specific KIR-MHC interactions (i.e. L ≥ 5). Yet, the KIR diversity
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Figure 2.4. Viruses that down regulate MHC expression select for degenerate KIR mo-
lecules while viruses expressing decoy molecules drive the selection of specific receptors.
Legend on next page.

differed significantly between simulations with MHC down-regulating and decoy vir-
uses for exactly the same specificity (p = 0.003, and p = 0.0002, Mann-Whitney U test,
Figure 2.3 C). This result was surprising, because the heterozygous advantage in the like-
lihood of recognizing self MHC should be equally strong in both types of infection. To
address the possible mechanisms underlying this result, we studied the KIR molecules
that were being selected after an infection with the CMV-like virus.

First, we analyzed the specificity of the KIR molecules. Although the specificity
threshold L was fixed, some KIRs happened to recognize more MHC molecules than
others. In populations with highly specific KIR-MHC interactions (e.g. L = 7), the
initial haplotype was composed of 5 KIRs, each of them recognizing a different num-
ber of MHC in the population (Figure 2.4 A,B). This distribution remained constant until
the mutant viruses emerged. When the CMV-like virus was introduced, there was a
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Figure 2.4. Viruses that down regulate MHC expression select for degenerate KIR mo-
lecules while viruses expressing decoy molecules drive the selection of specific receptors.
(A)-(B) Single representative simulations in a population infected with highly specific KIRs
(i.e. L = 7 bits). (A) The number of MHC molecules recognized per receptor in a pop-
ulation infected with an MHC down-regulating virus. The initial KIR molecules happen to
recognize different numbers of MHC molecules, as indicated by the numbers in the boxes.
40 % of the KIR molecules recognized one MHC molecule (black line), and 60 % recognized
two MHC molecules (red line). Upon infection, new KIR receptors that happened to be more
cross-reactive, i.e., recognizing three MHC molecules (green line) evolved, while the most
specific KIRs decreased in frequency. (B) The specificity of the KIRs in a population infected
with decoy viruses. 60 % of the inital KIR molecules recognized one MHC molecule (black
line), 20 % recognized two MHC molecules (red line), and 20 % happened to recognize three
different MHC molecules (green line). Over time, the frequency of those KIR molecules
recognizing only one MHC molecule increased and they take over the population. (C)-(D)
The average number of MHC molecules recognized per KIR molecule. In populations with
highly specific KIRs (L ≥ 5 bits), this number decreases if the individuals are infected with
a virus down-regulating MHC expression (C), whereas it increases in populations infected
with decoy viruses (D). (E)-(F): The average number of MHC molecules recognized per hap-
lotype. We observed a similar behavior as in (C)-(D). The heavy lines represent the mean
number of recognized MHC molecules over ten simulations. The different colors represent
the specificity values ranging from L = 5 to L = 10 bits. The standard deviation is depicted
by the dashed lines.

clear selection for those KIR molecules that were most specific, i.e. KIRs recognizing
only one MHC molecule in the population (Figure 2.4 B). Similarly, populations infected
with an MHC down-regulating virus evolved more cross-reactive KIR molecules (Fig-
ure 2.4 A). Thus, although the specificity threshold L was fixed, the system exploited the
stochastic variation in cross-reactivity among KIR molecules, evolving towards the spe-
cificity that rendered most protection (Figure 2.4 C,D). During an infection with decoy
viruses, this selection started already in populations having intermediate specific KIRs
(i.e. L = 4). Surprisingly, a higher specificity was achieved by haplotypes implementing
duplicate KIR genes, which effectively decreased the number of loci (Figure S2.2). The
fact that the evolution of an even higher specificity affects the heterozygote advantage
(Figure S2.1) explains the variation in KIR diversity between the infections with MHC
down-regulating and decoy viruses (2.6.1-2.6.2).

If evolution selects for the most specific KIRs to protect against viruses evolving decoys,
the challenge of recognizing self MHC is even larger. Is there any mechanism that al-
lows for a higher chance of detecting self despite a high KIR specificity? To address this
question, we studied the KIR haplotypes before and after the infection with a decoy virus,
and again measured the number of recognized MHC per haplotype. In populations having
specific KIRs (e.g. L = 7), a randomly generated initial haplotype recognized an average
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of 8 MHC molecules, reflecting the expected cross-reactivity of its KIRs. Upon infection
with decoy viruses, more specific haplotypes evolved due to the evolution of more spe-
cific KIR molecules. At the end of the simulation, approximately 80 % of the haplotypes
recognized only five different MHC molecules in the population (Figure S2.3); a surpris-
ing result because this property is only expected for 45 % of the randomly created KIR
haplotypes with L = 7. Hence, there was a clear selection for haplotypes that overlapped
as little as possible in their MHC recognition, while keeping the highest specificity per
KIR molecule. By evolving such “orthogonal“ haplotypes, the paradox of recognizing
as many MHC in the population as possible without detecting foreign decoy molecules
was solved. Together, our analysis suggests that, if the specificity of KIR increases, it
becomes beneficial to have more loci to be able to detect missing-self, which provides an
explanation for the observed polygeny in the KIR complex.

2.3. Discussion

The exact evolutionary advantage of the highly diverse KIRs has remained intriguing,
especially because MHC class I detection, i.e. “missing-self” detection, can also be
achieved by a limited set of monomorphic receptors. Our results show that for simple
detection of MHC down-regulation, degenerate KIR molecules are advantageous, while a
specific KIR-MHC interaction protects hosts against viruses evolving decoy molecules.
In the presence of viruses expressing decoy molecules, the KIR became very specific,
while at the same time the number of recognized MHC molecules per haplotype was
maximized. The more specific the system becomes, the stronger the selection pressure on
hosts to carry two different KIR haplotypes. As a result of this heterozygote advantage,
KIR haplotypes evolve a high degree of diversity.

The results with viruses evolving decoy molecules depend strongly on the implemen-
ted MHC dependent NK education process, as we allow only for the “licensed” KIRs to
participate in the immune response. Inhibitory receptors for MHC class I are very im-
portant for the education, repertoire development, and response of NK cells, and there is
indeed good evidence that the failure to engage inhibitory receptors during development
results in peripheral NK cells that are hyporesponsive (Anfossi et al., 2006, Chalifour
et al., 2009, Fernandez et al., 2005, Johansson et al., 2005, Yokoyama and Kim, 2006).
Yet, recent studies (Elliott et al., 2010, Joncker et al., 2009, Orr et al., 2010) showed
that NK cell populations that cannot ligate their inhibitory receptors –either because they
are unlicensed cells, or because they have been transferred into a different MHC class I
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environment– respond in a normal inflammatory manner after viral infection. This re-
sponse of unlicensed NK cells appeared to be even more robust and protective than that
of licensed NK cells. In all these studies, the NK cells were stimulated via their activating
receptors. However, we only considered inhibitory receptors, modeling “functionality”
as the capacity of the mature NK cells to respond to cells in which the expression of self
MHC class I is decreased. MHC independent mechanisms for NK cell activation, such as
activation via cytokines, is implicit in the model, and is taken into account in the overall
probability of clearing the infection. Also note that we do not model the KIR molecules
on individual NK cells, but define which KIRs are licensed in a host’s whole repertoire.

The KIR system has evolved unusually rapidly, resulting in different levels of specificit-
ies across species. While KIRs in rhesus macaque have a broad specificity, orangutans,
chimpanzees, and humans have evolved more specific KIR systems (Older Aguilar et al.,
2010, 2011). KIR recognition in humans is restricted to at least four epitopes (HLA-
A11,-Bw4,-C1, and -C2), where HLA-C1 and -C2 have the highest avidity. The evolu-
tion of these particular MHC epitopes have left an imprint on the evolution of the KIR
system. This is clearly shown in the differences of the KIR haplotypes starting from old
world monkeys to humans (Guethlein et al., 2007a). Humans, chimpanzees, bonobos,
gorillas, orangutans, and rhesus macaques share four lineages of KIR genes, which ex-
panded approximately 35–40 million years ago (Averdam et al., 2009). Within these
lineages, each species has independently evolved different numbers of KIRs with either
an inhibiting or activating function, and their emergence is related to the evolution of their
ligands. The expansion of lineage III KIRs in orangutans, chimpanzees, and humans is
associated with the emergence of the C1-, and later with the C2 epitopes. In contrast,
rhesus macaques have expanded lineage II KIR genes, corresponding to their complex
MHC system, which is composed of several subsets of differentially expressed MHC-A,
and -B genes in the absence of an MHC-C locus. Here, we do not model the four KIR
epitopes present on several MHC alleles, but have randomly made MHC molecules. The
composition of KIR haplotypes, as well as the evolution of novel MHC molecules, is
not the focus of this manuscript. Our main question is why KIRs have evolved a degree
of specificity, and our approach clearly reveals that specificity has a selective advantage
because of its protective effect against CMV-like viruses evolving MHC decoys. Some
of the high specificity values used in our model might seem contradictory to the small
number of MHC epitopes identified as main KIR ligands. Yet, all results presented here
are already obtained at specificity values L = 5, which corresponds to a recognition of
20 % of MHC molecules in the population (see Table 2.1), and is in agreement with the
four MHC epitopes that have been identified so far in human KIRs.

32



2.3 Discussion

Hosts are exposed to multiple challenges during their life span, and the immune sys-
tem has evolved to respond to all of them rather than adapt to only one particular virus.
For simplicity, we here consider only one type of infection at a time. Nevertheless,
CMV seems to have an important role in NK cell mediated immunity. Recent stud-
ies revealed that there is a strong imprint in the NK cell repertoire of CMV seropos-
itive individuals because a particular subset of NK cells with “self-specific” inhibitory
KIRs is expanded (Béziat et al., 2013, Charoudeh et al., 2013). Furthermore, it has been
shown that CMV plays an important role in viral driven evolution of NK cell receptors
in mice (Arase and Lanier, 2002, Sun and Lanier, 2009). Mice possess the Ly49 receptor
system, which is functionally similar to KIR but evolutionary and structurally different.
The Ly49 receptors exhibit also high genetic diversity and also have mouse MHC-class
I molecules as ligands. Mouse strains that are resistant to MCMV carry an activating
receptor, Ly49H, binding to the “MHC-class I decoy” m157 with high affinity. Mice sus-
ceptible to MCMV lack the Ly49H gene but possess the inhibiting receptor Ly49I also
binding strongly to the m157 glycoprotein. Because Ly49H evolved from its inhibitory
homologue, Ly49I (Abi-Rached et al., 2010), it seems that the m157 induced immune
pressure led to the evolution of a new activating NK cell receptor, conferring resistance
to the virus. Our results agree with this data, showing that a CMV encoded MHC-like
decoy imposes a selection pressure to drive the evolution of novel NK cell receptors.

Fighting pathogens and successful reproduction are two crucial functions for survival.
By their contribution to immune defense and reproduction, KIRs reveal various selection
pressures imposed on NK cells, emphasizing the importance of diversity for surviving
population bottlenecks and infections. For these reasons, it may seem intuitive that re-
ceptor diversity is beneficial for viral control. But we have seen that the mere detection
of missing self is achieved best with degenerate KIRs.

Our agent-based model provides a solid explanation for one selection pressure driving the
evolution of specific KIRs, namely viruses expressing MHC decoys. This does not need
to be the only explanation, and our findings call for further studies into other possible
mechanisms. The evolution of the specificity and number of loci per haplotype, as well
as the evolution of activating receptors or other viral strategies, should now be integrated
in our model to address additional questions.
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2.4. Material and Methods

2.4.1. Agent-based model

We developed an agent-based model consisting of two types of actors (hosts and patho-
gens) and three types of events (birth, death, and infection). The basic time step of the
model is one week, during which we run through all hosts in a random order and con-
front them to one of the randomly chosen events. Hosts age over time, and after each
time step, their age, infection state, and infection type is updated. The cycle is repeated
for many hosts generations to model the long-term evolution. All model parameters are
fully described in Table 2.2. The following is a detailed description of the actors and the
events:

Hosts and viruses

Hosts are modeled as simplified humans with a diploid genome encoding for one MHC
class I locus and one KIR haplotype composed of five different inhibitory genes. For
simplicity, we only model one MHC locus with 14 different possible alleles. KIR and
their ligands are represented as bit strings, as a simplified representation of amino acid
sequences (Farmer et al., 1986). The simplest way to think about this representation is to
see the proteins as being composed of two types of amino acids, e.g. hydrophobic, and
hydrophylic. Interactions between two molecules are only allowed if the complementary
matches between the strings exceed a predefined threshold. Since two molecules may
interact in more than one way, the strings are allowed to match in any possible alignment.
In our model we use a predefined threshold L, i.e. if the length of the longest adjacent
complementary match between a ligand and a KIR is at least L bits long, we consider the
ligand to be capable of binding to its receptor (Figure 2.1 A).

In our simulations, we consider in total 16 viruses: a wild type virus, one MHC down-
regulating virus, and 14 decoy viruses. Each virus comes with a particular increase in
the natural intrinsic death rate of its host VLi, and a probability of clearing the infection
pwt, pmhc, and pdec. To escape an assumed T-cell response, the wild type virus evolves
MHC down-regulation with a mutation rate µv . The decoy viruses evolve, in addition
to MHC downregulation, a decoy protein mimicking an MHC molecule. We model the
evolution of decoy molecules by allowing the virus to adopt a randomly selected MHC
molecule from its host with the same rate µv . We do not allow for viruses to accumulate
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these decoy proteins: when viruses lose the previous decoy, they can adopt a new MHC
molecule. Because we fix the polymorphism of the MHC molecules to 14 alleles, the
maximal number of decoy proteins that can evolve in the population is 14. We also do
not allow for superinfection and hosts can be infected with one of the 16 viruses only.
The immune escape of the mutant viruses is modeled by decreasing the initial probability
of clearing the infection from pwt to pmhc, and pdec (Figure 2.1 B, and Table 2.2).

The wild type virus is introduced once the population dynamics have reached a steady
state. Similarly, the viral mutants are allowed to evolve 5000 years after introduction of
the wild type virus.

Birth

We consider sexual reproduction, where each selected host passes one of its KIR haplo-
types to its offspring. To maintain the initial polymorphism and the relative frequency
of MHC alleles in the host population, we let the offspring inherit one MHC gene from
one randomly selected parent while the other one is drawn out of a predefined pool of
MHC alleles (see Model Initialization). The probability of a birth event taking place is
described by b(a,N) and decreases linearly with the population size (i.e. we consider
logistic growth). Additionally, hosts with age between 20 and 45 are considered to be
more fertile than children and the elderly, and at low population sizes fertile individu-
als are expected to give birth every two years. The resulting yearly birth rate (shown in
Figure S2.4 A) is described by:

b(a,N) = 0.5

(
1− N

Nmax

)(
1

1 + e(a−45)
− 1

1 + e(a−20)

)
, (2.1)

where a is the age of the parent, N the actual population size, and Nmax maximal popu-
lation size.

KIR genes undergo mutation with a probability µ. To decrease computation time we
model mutations by randomly drawing a new KIR gene out of a large pool of predefined
KIR alleles. Other mutational operators, e.g. point mutations, recombination, deletion
or duplication are not considered here. The NK cell education process takes place at
birth, where only those KIRs in the newborn that recognize at least one of its own MHC
molecules, are set to be licensed. Hosts without any licensed KIR can be born, but they
will be unable to detect MHC down-regulation. Newborn children are given the age of
one and are added to the host population.
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Death

A death event takes place with an age and infection-dependent rate δ(a, VLi). The yearly
intrinsic death rate is a mathematical approximation of a human age-specific mortality
curve (Carnes et al., 2006). If the host is infected with a virus, the death rate is increased
by a factor VLi, representing the effect of viral load during the different infection stages
i. The resulting death rate (Figure S2.4 B) is described by:

δ(a, VLi) = e(0.1a−10.5) + e(−0.4a−8) + VLi, (2.2)

where

VLi =


0, if i = 0 (susceptible)

0.10, if i = 1 (acute)

0.06, if i = 2 (chronic).

(2.3)

Infection

During each time step we challenge all susceptible hosts with possible infections by
allowing every susceptible individual to contact one randomly selected partner. If this
partner is infected, it will transmit its virus with a probability pac or pch depending on
the infection state of the infecting host (see Table 2.2). Properties of the virus, i.e. its
evasion strategies, are not changed upon transmission.

After transmission, every individual has an acute infection for a period of tinf weeks,
during which the intrinsic death rate is increased by VL1 (see equation 2.2 and equa-
tion 2.3). After the initial acute phase the virus can be cleared with a probability pwt,
pmhc, or pdec, depending on the type of virus. If the individual fails to clear the infection,
it will become chronically infected, and the death rate will decrease to VL2. Recovered
individuals are resistant to the virus, losing their immunity only after a long period, ti.

Whether a virus can spread through the population depends on the number of newly in-
fected cases it can generate during the course of its infectious period (R0). In our model,
the number of new cases depends on the transmission probabilities, and the infection
state of the host. Because the acute phase is relatively short (tinf = 4 weeks long) and a
chronic infection lasts for several years (until the infected host dies), viruses inducing a
chronic infection, spread much better through the population. Therefore, the probability
of escaping the acute immune response (i.e. 1 − pwt, 1 − pmhc, and 1 − pdec) plays a
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major role in the R0 of the virus.

2.4.2. Model Initialization

The model was initialized with a host population of 4500 hosts, with a random age
between 1 and 70 years. Gene pools for MHC and KIR alleles were created at the start of
each simulation. The pool of MHC consisted of 14 alleles according to the most frequent
HLA-C alleles in the European population (dbMHC Anthropology (Meyer et al., 2007)).
For each MHC allele, ten different KIR were randomly generated, which could bind to
the MHC with a specificity of at least L, resulting in a KIR pool of “functional” 140
alleles. To create the initial genome of each host, MHC and KIR genes were randomly
drawn from the pools. The individuals were initialized with the same KIR haplotype, but
with different MHC genes.

2.4.3. Genetic Diversity

The Simpson’s Index is a measurement of diversity that can be interpreted as the prob-
ability that two randomly chosen molecules from two random hosts in the population
are identical. The lower the Simpson’s Index, the higher is the diversity of molecules
in the population, and the reciprocal of the Simpson’s Index (Simpson, 1949) defines a
”weighted“ diversity. This diversity measure has the advantage over the total number of
unique KIR molecules because it is less sensitive to fluctuations in molecule numbers
caused by random neutral drift. For instance, if all molecules are equally frequent in a
population, the SRI score is equal to the number of alleles in the population. A popu-
lation dominated by a single molecule will have an SRI score close to 1. The SRI was
calculated as follows: SRI = 1∑K

i=1 fi2
, where fi is the fraction of the molecule i over all

KIR molecules in the population, and K is the total number of unique KIR molecules.

2.4.4. Analytical Expectations

The probability that a host having a heterozygous diploid genome recognizes its own
MHC molecules is defined by phap = 1 − (1 − p)2NKIR , where p is the probability that
a KIR recognizes a random MHC molecule in the population (which depends on L, see
Table 2.1), and NKIR is the number of KIR loci. The expected number of licensed KIR
is determined by n = 2NKIR(1 − (1 − p)2). In our model each host has a genome
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consisting of one MHC locus and five KIR loci, i.e. NKIR = 5, hence that individual
will recognize its own MHC molecules with a chance phap = 1 − (1 − p)10, and the
expected number of licensed KIR for the same individual will be n = 10(1− (1− p)2).
The expected protection against a decoy virus, i.e. the probability of not recognizing the
viral protein as self MHC molecule, depends on the size of the licensed KIR repertoire,
n, and is described by P = (1− p)n.

Heterozygous advantage is defined as: HA =
phap(het)
phap(hom) , where phap(het) and

phap(hom) represent the probability of recognizing self MHC molecules for a hetero-
zygote and a homozygote individual, respectively. We obtained phap(hom) by meas-
uring the fraction of MHC molecules detected by a single KIR haplotype. To obtain
phap(het) we measured the fraction of recognized MHC by all pairwise combinations of
KIR-haplotypes. The population has heterozygote advantage if HA > 1. Values of HA
for different L, n, and p are given in Table 2.1.

2.4.5. Implementation

The model was implemented in the C++ programming language. The value of L was
varied in a range from one to ten. For each value L, ten simulations were performed for
2000 centuries.
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Table 2.2. Model Parameters

Parameter Value
Time step 1 week
Simulation time 2000 centuries

Host parameters
Maximal population size Nmax 4980 individuals
MHC diversity 1 locus with 14 alleles
Number of KIR loci 5
Bit string length 16 bitsa

Specificity L (bit scale) 1–10 bits
Host mutation rate µ 0.00005 per allele per birth

event
Infectionb

Infection state i 0 (susceptible), 1 (acute), 2
(chronic)

Probability of viral transmission during acute
phase pac

0.85 per contact

Probability of viral transmission during chronic
phase pch

0.15 per contact

Probability of clearing the wild-type virus pwt 0.85
Probability of clearing the MHC downregulating
virus pmhc

0.75

Probability of clearing the virus evolving decoy
molecules pdec

0

Immunity time ti 10 years
Acute infection time tinf 4 weeks

Virus parameters
VLi 0 (for i = 0), 0.1 (for

i = 1), 0.06 (for i = 2)
Virus mutation rate µv 0.0001 per week

Initial conditions
Initial population size Ninit 4500 individuals
KIR initial diversity (SRI) 5 (1 allele per locus)

a: The choice to use 16-bit strings represents a large enough theoretical repertoire of
65,536 sequences. b: The parameters used for the infection are chosen to maintain the
epidemic. Changing the length of the acute phase or the probabilities of clearance do
not affect our results on the evolution of the KIRs qualitively (results not shown).
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2.6. Supporting Information

2.6.1. Heterozygous advantage is higher in populations infected with
viruses evolving decoy proteins

We measured significant differences in the SRI score between the viral strategies when
KIRs are specific (i.e. L ≥ 5), and for one intermediate specificity (i.e. L = 4). This
observation strongly suggests that the different viral evasion routes impose different se-
lection pressures. To study how this comes about, we first measured the fraction of MHC
molecules recognized per haplotype (Figure S2.1 A), and calculated the advantage of
heterozygotes over homozygotes in the detection of MHC molecules (Figure S2.1 B).

The observed haplotype specificity and heterozygous advantage confirmed our analytical
expectations only in degenerate KIR systems, whereas, in specific systems, haplotypes
evolved a different specificity than the threshold L (Figure S2.1 A). In response to the
MHC-downregulating virus, KIR haplotypes recognizing more MHC molecules were
selected. But during an infection with the decoy viruses, KIR haplotypes recognizing
less MHC molecules dominated the population. This is in agreement with our previous
observations that more cross-reactive KIRs evolve after an infection with an MHC down-
regulating virus, and more specific KIRs evolve during an infection with a decoy virus.

Given that the heterozygous advantage becomes larger with increasing specificity (Fig-
ure S2.1 B), it is natural that the level of diversity is higher in populations infected with
decoy viruses than in populations infected with an MHC down-regulating virus. Sum-
marizing, these results show that the actual heterozygous advantage depends on the spe-
cificity of the KIRs, which can be higher or lower depending on the virus type the popu-
lation is infected with.

The observed significant difference in the SRI in intermediate specificity L = 4 arises
from yet another strategy. These systems evolved to become more specific by incorporat-
ing KIR genes as duplicates within the same haplotype (Figure S2.2). By decreasing the
number of unique KIR genes per haplotype, the number of recognized MHC molecules
per haplotype is lower, and the overall probability of recognizing the decoy decreases.
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2.6.2. Haplotypes with maximal MHC coverage limit heterozygous
advantage

The evolved orthogonal haplotypes have a strong effect on the heterozygous advantage
(Figure S2.1 B, red line). In our model, a single orthogonal haplotype recognizes exactly
five different MHC molecules because it is composed of highly specific KIR molecules
recognizing only one of the 14 MHC in the population.

A single haplotype is expected to detect 5 out of 14 of the MHC molecules in the pop-
ulation (Figure S2.3). Consequently, the advantage that a heterozygous host carrying
these complementary haplotypes has over a homozygote is smaller than the heterozyg-
ous advantage of host carrying non orthogonal haplotypes. Hence, the selection pressure
reduces somewhat in orthogonal cases, and it reaches a plateau at HA = 1− (1−0.4)2
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Figure S2.1. Heterozygous advantage is higher in populations infected with a virus
evolving decoys. (A) Probability of recognizing a randomly selected MHC molecule per
KIR haplotype, as a function of the KIR specificity L. The observed values after infection
with an MHC down-regulating virus (blue line) or viruses evolving decoy molecules (red
line) differ from the expected probability value (black line). (B) Heterozygous advantage
(i.e. phap(het)

phap(hom)
, see Material and Methods) as a function of the specificity L. KIR evolve

to become more degenerate after infection with an MHC-downregulating virus, therefore the
selection pressure (blue line) is lower than expected (black line). In contrast, KIR molecules
evolve a higher specificity upon infection with a virus evolving decoys. Hence, heterozygous
advantage is higher in populations infected with a virus evolving decoy molecules (red line).
Data represent the mean out of ten simulations per specificity value.
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Figure S2.3. Viruses expressing decoy molecules drive the selection of specific “ortho-
gonal” haplotypes. The time plot depicts a single representative simulation of a population
with highly specific KIRs (i.e. L = 7 bits). The initial KIR haplotype happened to recog-
nize exactly seven different MHC molecules. Upon infection with a virus expressing decoy
proteins, new haplotypes recognizing different number of MHC molecules emerged. Haplo-
types recognizing fewer MHC alleles increased over time and in this example the population
acquired haplotypes covering five or seven MHC molecules.
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Abstract

The responsiveness of natural killer (NK) cells is controlled by balancing signals from
activating and inhibitory receptors. The most important ligands of inhibitory NK cell re-
ceptors are the highly polymorphic major histocompatibility complex (MHC) class I mo-
lecules, which allow NK cells to screen the cellular health of target cells. Although these
inhibitory receptor-ligand interactions have been well characterized, the ligands for most
activating receptors are still unknown. The mouse cytomegalovirus (MCMV) represents
a helpful model to study NK cell driven immune responses. Many studies have demon-
strated that CMV infection can be controlled by NK cells via their activating receptors,
but the exact contribution of the different signaling potential (i.e. activating vs. inhib-
iting) remains puzzling. In this study, we have developed a probabilistic model which
predicts the optimal specificity of inhibitory and activating NK cell receptors needed to
offer the best protection against a CMV-like virus. We confirm our analytical predictions
with an agent-based model of an evolving host population. Our analysis quantifies the de-
gree of protection of each receptor type, revealing that mixed haplotypes (i.e. haplotypes
composed of activating and inhibiting receptors) are most protective against CMV-like
viruses, and that the protective effect depends on the number of MHC loci per individual.
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3.1. Introduction

Natural killer (NK) cells contribute to the host immune response by recognizing and
killing viral infected and tumor cells (Lanier, 2008). Their activity is controlled by bal-
ancing signals from a vast repertoire of activating and inhibiting receptors enabling them
to distinguish healthy from unhealthy cells (Lanier, 2005). The most important ligands
for inhibitory NK cell receptors (iNKR) are MHC class I molecules on other cells. An
infected cell may have lower MHC expression, altering the binding with inhibitory re-
ceptors, disrupting the balance of signals, and allowing for NK cell activation. The mech-
anism by which NK cells attack MHC-class I deficient cells was coined by Kärre et al.
as “missing-self” detection (Ljunggren and Kärre, 1990).

There are several NKRs that contribute to missing-self detection. In humans for ex-
ample, the inhibitory receptor CD96/NKG2A binds to complexes of the human leuko-
cyte antigen E (HLA-E), which presents peptides derived from the leader sequences of
HLA-A, -B, and -C molecules (Braud et al., 1998, O’Callaghan, 2000). Both, the re-
ceptor and the ligand are highly conserved in these inhibitory interactions, and the down-
stream effects are remarkably similar across individuals (Shum et al., 2002). The killer
immunoglobulin-like receptors (KIRs) also contribute to monitor abnormalities in MHC
class-I expression on cell surfaces. In contrast to the CD96/NKG2 superfamily, KIRs are
highly polygenic and polymorphic, exhibit both inhibitory and activating potential, and
bind to the highly polymorphic HLA-A, -B, and -C molecules (Jiang et al., 2012, Moesta
and Parham, 2012, Trowsdale et al., 2001). Consequently, the interactions between KIRs
and classical HLA-class I molecules are very diverse (Vilches and Parham, 2002). Thus,
humans have two types of NKRs, one conserved and one highly diverse, performing
seemingly the same function.

Humans are not the only species that has an expanded, and polymorphic NKR gene
complex. During mammalian radiation, many different species have diversified altern-
ative NKR gene families recognizing MHC class I. This example of convergent evolu-
tion includes three gene families from two structurally unrelated superfamilies: KIRs,
the CD94/NKG2, and the Ly49 (Kelley et al., 2005). Higher primates have expanded
their KIR genes (Guethlein et al., 2007a); a group of lower primates have expanded
NKG2 (Anfossi et al., 2006), whereas rodents and equids have expanded Ly49 (Wilhelm
and Mager, 2004, Wilhelm et al., 2002). These alternative genetic strategies illustrate the
evolutionary complexity of these systems, and suggest that an expanded NKR gene com-
plex is beneficial for survival. But, if conserved inhibitory receptor-ligand interactions
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(such as NKG2A-HLA-E in humans) are capable to successfully detect missing-self,
why have several NKR families evolved to become polygenic and polymorphic? Even
more intriguing, why have they evolved receptors with activating potential?

In humans, some activating NKR (aNKR) are associated with the disease outcome of
viral infections and malignancies (Körner and Altfeld, 2012). For example, in combin-
ation with HLA-Bw4, the activating KIR3DS1 has been associated with a delayed pro-
gression to AIDS in HIV-1 infected individuals (Martin et al., 2002b, Pelak et al., 2011).
KIR3DS1 has also been linked to an increase rate of spontaneous recovery after hepatitis
B infections (Zhi-ming et al., 2007), a reduced risk of developing hepatocellular car-
cinoma in patients infected with HCV (López-Vázquez et al., 2005), and a reduced risk
of Hodgkin’s lymphoma (Besson et al., 2007). Moreover, maternal activating KIRs are
related to protection against several pregnancy disorders (Hiby et al., 2010). But because
only a few ligands for activating KIRs have been identified so far, the exact mechanisms
underlying the provided protection in humans remain puzzling.

Studies in mice have revealed important insights into the role of aNKR during viral in-
fections (Arase et al., 2002, Smith et al., 2002). Viruses like the mouse cytomegalovirus
(MCMV) down regulate the expression of MHC-class I molecules from the cell surface
to escape T cell response, and may additionally code decoy MHC molecules (m157) that
can inhibit NK cell activation (Smith et al., 2002). Mouse strains that are resistant to
MCMV carry the activating Ly49H gene, which binds with high affinity to the MHC-
like viral protein m157. In contrast, mice susceptible to MCMV lack the activating gene
but carry the inhibiting receptor Ly49I, which also binds strongly to the m157 protein.
The activating Ly49H emerged from an inhibitory counterpart (Abi-Rached and Parham,
2005), suggesting that the evolution of an aNKR was due to the immune pressure in-
duced by the “MHC-decoy” m157 during CMV infection (Arase and Lanier, 2002, Sun
and Lanier, 2009).

Although these studies shed light into the importance of NKR in general, the specific
contribution of activating and inhibitory receptors to the NK cell response is still un-
known. In Chapter 2 studied the evolution of KIR diversity in a human population in-
fected with CMV-like viruses by using a computational agent-based model. We showed
that iNKRs require sufficient specificity to protect populations against viruses evolving
MHC-like molecules, and that diversity in the NK cell genetic complex evolves as a
result of the required discrimination between self MHC-molecules and viral decoy mo-
lecules. Here, we also consider aNKRs, and develop a probabilistic model to quantify
the optimal specificity of inhibitory and activating NKRs needed to render maximal pro-

48



3.2 Results

NK cell

MHC Class I

iNKR aNKR

licensed iNKR unlicensed iNKR unlicensed aNKR licensed aNKR

Figure 3.1. Cartoon of NK cell education. iNKRs (represented in red) recognizing at least
one of the MHC molecules per individual will become licensed. In contrast, aNKRs (depicted
in green) which do not recognize any of the host’s MHC molecules will become licensed.

tection against CMV-like viruses. We also analyze the effect of mixed haplotypes (i.e.
composed of aNKR and iNKR) on protection, and confirm the expectations of the prob-
abilistic model with an agent-based computational model. Our studies reveal that mixed
haplotypes composed of specific activating and inhibitory NKRs render high protection
against CMV like viruses encoding for decoy molecules, and that the protective effect
depends on the number of MHC loci per individual.

3.2. Results

We analyze the effect of the specificity of activating and inhibitory NKRs on the detection
of a virus presenting MHC-like molecules with a simple probabilistic model. Our model
estimates the chance of protection P , i.e. the probability of a host detecting an infection
by NK cells, as a function of the haplotype size, specificity (i.e. the probability p of
recognizing any random MHC molecule), and number of MHC loci.

The responsiveness of NK cells (i.e. their ability to discriminate cells with normal MHC
expression from those lacking MHC) is regulated by a process called “education” or “li-
censing” taking place during NK cell development (Elliott and Yokoyama, 2011). During
this process, the interactions of iNKRs with their MHC ligands render the NK cells with
functional competence (Anfossi et al., 2006, Chalifour et al., 2009, Elliott and Yokoy-
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ama, 2011). To prevent NK cell related autoimmunity, activating receptors also parti-
cipate in the education process, where the chronic exposure of aNKR ligands during
development results in hyporesponsive NK cells (Fauriat et al., 2010, Sun and Lanier,
2008).

For simplicity, we do not model individual NK cells, each expressing a random set of
tuned receptors. We rather consider for each individual a global repertoire of receptors,
which have the potential to license NK cells. We will refer to these receptors henceforth
as “licensed” receptors. We mimick the MHC-dependent education process during NK
cell development by creating a repertoire of NKRs composed of iNKRs that recognize
at least one of the MHC molecules of the host, and of aNKRs that recognize none of
the MHC molecules of the host (Figure 3.1). By considering a global repertoire, we
assume that there will be at least one subset of NK cells expressing at least one of the “li-
censed” NKRs. Upon infection, we consider only those NK cell subsets having licensed
receptors. If these can successfully detect the virus, they will become activated, expand,
and protect (for a full discussion see Supplementary Information). Therefore, only the
licensed repertoire of NKRs is allowed to participate in the immune response.

Whether a decoy protein allows a virus to successfully escape the NK response, i.e.
whether that individual is protected against the infection, depends on the receptor type
and on the receptor specificity. iNKRs that bind the decoy molecule cannot detect
missing-self and are “fooled” by the decoy. Conversely, aNKRs binding the foreign de-
coy protein can specifically recognize the infection and therefore protect the host. With
this model we quantify the contribution of each receptor type and its specificity to the
detection of CMV-like viruses.

3.2.1. Inhibitory and activating NK cell receptors differ in the pro-
tection level they provide

There are two crucial processes for a single iNKR to detect a virus evolving MHC-like
molecules. First, iNKRs have to be licensed during the NK cell education to become
fully functional during an immune response. Second, iNKRs should not bind decoy mo-
lecules upon infection. Because, in our model, iNKRs are only licensed if they recognize
at least one of the MHC molecules in their host, and decoy molecules are similar to self
MHC molecules, iNKRs face the challenge of distinguishing self MHC molecules from
foreign decoy molecules. We previously demonstrated that this challenge can be solved
by evolving sufficiently specific iNKRs (see Chapter 2). In that study, we defined spe-
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Figure 3.2. Range of protection differs between iNKRs and aNKRs. The heatmaps show
the protection level as the probability of detecting the infection with a virus expressing a
decoy molecule to mask MHC down regulation. In the left column, the protection for indi-
viduals carrying only iNKRs (calculated by Eq. 3.2) is shown, whereas in the right column,
the protection for individuals carrying only aNKRs (calculated by Eq. 3.3) is depicted. The
protection level is shown in the color bar from highest (red) to lowest (blue). pi, and pa
correspond to the specificity of iNKR and aNKR, respectively. (A)-(B) The protective range
for iNKRs is small and skewed towards a large haplotype size and high specific values. In
contrast, aNKRs offer a broad range of protection for intermediate specificity values and a
smaller haplotype size. Calculations were done with 1 MHC locus (A-B), 2 MHC loci (C,D),
and 4 MHC loci (E,F).

cificity as the probability (p) of any NKR to recognize a random MHC molecule in the
population. Herewith, degenerate receptors (i.e. with p = 1) are able to recognize all
MHC molecules in the population, whereas specific receptors (i.e. with p� 1) recognize
only a small fraction of them. Since the exact relation between ligand-receptor binding
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affinity and signaling potential remains unknown, we do not consider different binding
affinities here, and we model discrete MHC-NKR interactions.

To study whether there is an optimal specificity for which iNKRs are not inhibited by
such “decoy viruses”, we calculated the probability of licensed iNKRs detecting the in-
fection. A single iNKR becomes licensed with a probability qI = 1 − (1 − pI)

2NMHC ,
where pI describes the specificity (i.e. the probability of any iNKR to recognize any
MHC in the population), and NMHC the number of MHC loci per individual. The prob-
ability of a haplotype composed of NiNKR to have exactly ` licensed iNKRs is given by
the binomial distribution as follows:

P (iNKRlicensed = `) =

(
NiNKR

`

)
(1− qI)

NiNKR−`q`I . (3.1)

To successfully detect a decoy virus, none of the licensed iNKRs should bind the de-
coy molecule. Thus, the overall probability of detecting the infection is determined by
the chance that none of the licensed iNKRs recognizes a decoy molecule, and can be
calculated by:

PI(detection) =

NiNKR∑
`=1

(
NiNKR

`

)
(1− pI)

`(1− qI)
NiNKR−`q`I . (3.2)

Our analysis confirms that for any haplotype size there is an optimal specificity. For
NiNKR ≤ 25, our model predicts a maximal level of protection (i.e. PI = 0.85), which
can only be obtained with high specificity values (pI ≤ 0.2) and a large number of genes
per haplotype (NiNKR ≥ 20) (Figure 3.2 A).

A host with degenerate iNKRs (e.g. pI ≥ 0.8) has a large repertoire of licensed iNKRs.
But because of the low specificity, the iNKRs within that individual are expected to
also recognize any foreign decoy molecule as self, offering no protection. In contrast,
when iNKRs are specific (e.g. pI ≤ 0.2) the repertoire of licensed iNKRs per individual
is lower, but if there are several genes per haplotype, the chance of having at least one
licensed specific iNKR increases. Due to their high specificity, it is unlikely for a licensed
iNKR to also recognize a foreign decoy molecule, impeding the virus to escape the NK
immune response. Therefore, an infection with a decoy virus can be controlled with
a probability of at least 70% in a haplotype composed of more than 10 iNKRs when
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pI ≤ 0.25. Thus, the probability of detecting the virus increases with both a higher
specificity, and a larger number of genes per haplotype (i.e. NiNKR). This confirms
our results of Chapter 2, suggesting that large haplotypes composed of non-overlapping
specific iNKRs are most protective.

We next developed a model considering only aNKRs. Similar to the iNKRs, the two
crucial processes for an aNKR to detect the virus depends on the probability of becoming
licensed and recognizing the decoy molecule as a foreign antigen. However, the licensing
process is almost opposite between aNKRs and iNKRs. An aNKR becomes licensed if it
does not recognize any MHC molecule within an individual. The probability of a single
aNKR to become licensed is therefore described by qA = (1 − pA)

2NMHC , where pA
is the specificity of an aNKR. Opposite to an iNKR, an aNKR detects a “decoy virus”
if it binds the MHC decoy . Thus, the overall probability of protection in this case is
determined by the chance of at least one licensed aNKR binding the decoy molecule, and
is given by

PA(detection) =

NaNKR∑
`=1

(
NaNKR

`

)(
1− (1− pA)

`
)
(1− qA)

NaNKR−`q`A,(3.3)

where NaNKR is the number of aNKRs per haplotype.

This model reveals that there is again an optimal specificity, and the protection range
for aNKR is much broader than that for iNKR, covering also less specific receptors (i.e.
0.1 ≤ pA ≤ 0.7) (Figure 3.2 B). In these cases, the optimal protection (i.e. PA = 1) is
obtained with haplotypes composed of 12 genes, having intermediate specificity values
(0.2 ≤ pA ≤ 0.65). To avoid self-reactivity, aNKRs become licensed only if they fail
to recognize all self MHC molecules. Additionally, an aNKR must recognize foreign
MHC-like molecules to detect the infection. Therefore, the challenge for an aNKR is
opposite to that of an iNKR, since it must recognize foreign antigens but not self-MHC
molecules. A degenerate aNKR will recognize every decoy in the population but it will
never become licensed. As a result, the optimal protection is reached in large haplotypes
composed of aNKRs with intermediate specificity.

Note that we consider individuals to be heterozygous for all MHC loci. Allowing indi-
viduals to be homozygous in some MHC loci does not qualitatively change our results
on specificity and protection, since MHC homozygocity has only a mild effect on the
number of licensed receptors ` (results not shown).
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3.2.2. The protection level depends on the number of MHC loci

Above, we considered only one MHC locus per individual as a representation of HLA-C
as the main identified ligand for inhibitory KIRs. However, HLA-A, and -B molecules
have also been identified as KIR ligands, and HLA-E is the ligand for CD94/NKG2A.
Therefore, we expanded our model to consider two MHC loci per individual. The distri-
bution of protection levels is similar to the model with one MHC locus, showing a small
protective area for individuals carrying only iNKRs (Figure 3.2 C), whereas individuals
carrying aNKRs have a broader protective range (Figure 3.2 D). However, the area of
maximal protection is skewed in both cases. Because iNKRs have to recognize at least
one self MHC molecule to become licensed, the chance of having several licensed NKRs
per haplotype increases by having 2 MHC loci (and thus 4 MHC molecules per hetero-
zygous individual). Therefore, a high protection (e.g. PI ≥ 0.85) can be reached already
with a smaller haplotype, e.g. one composed of at least 11 iNKRs.

In contrast, the probability of an aNKR to become licensed decreases with 2 MHC loci
because aNKRs should not recognize any of the MHC molecules within an individual.
Consequently, the protection with aNKRs reaches high values (i.e. PA ≥ 0.85) only
with large haplotypes composed of at least 20 genes. and the optimal protection level
(PA = 1) is never obtained. Thus, the protection of aNKRs is highly dependent on the
number of MHC molecules per individual.

With even higher MHC complexity, i.e. with increasing the number of MHC loci per in-
dividual to 4, fewer iNKRs are sufficient to successfully clear the infection (Figure 3.2 E,
F). Because of the education process in our model, hosts with 4 MHC loci have a much
larger licensed iNKR repertoire compared to individuals having 1 MHC locus. These
hosts reach the maximal protection already with a haplotype size of 4 receptors. Even
for lower haplotype sizes, a good protection level (i.e. 0.3 ≤ PI ≤ 0.7) can be reached
at lower specificity values (pI ≤ 0.35) (Figure 3.2 E). This effect was further increased
when considering 8 MHC loci per individual, where the maximal protection was reached
with only one specific iKIR (results not shown).

However, an expanded MHC haplotype is disadvantageous for individuals having only
aNKRs. Because in our model the licensing process is more difficult with a higher num-
ber of MHC molecules, little protection can be provided. The infection can be controlled
with a maximal probability of 50 % and 35 % in individuals with 4 (Figure 3.2 F) and 8
MHC loci (results not shown), respectively.
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Taken together, these results show that aNKRs provide little protection against a virus
evolving MHC decoy proteins in individuals having several MHC loci, and that a con-
tracted haplotype of iNKRs is already protective when the MHC complexity increases.

3.2.3. Viral detection is maximal in mixed haplotypes

To predict the combined protection of activating and inhibitory NKRs, we expanded our
model and considered mixed haplotypes, i.e. haplotypes composed of both iNKRs and
aNKRs. We predict the combined probability of detecting the virus as follows:

P = 1− (1− PI)(1− PA). (3.4)

We computed the protection in hosts carrying two MHC and 20 NKR loci, and varied the
fraction of aNKRs in the NKR haplotype, while keeping the total number of loci con-
stant. The best protection is reached in mixed haplotypes (Figure 3.3). As seen above,
haplotypes with aNKRs only provide protection (i.e. 0.5 ≤ P ≤ 0.8) for intermediate
specificity values 0.15 ≤ pA ≤ 0.4 (Figure 3.3 A). With increasing number of iNKRs per
haplotype, the protection reaches higher values (approaching P = 1) (Figure 3.3 B-C),
covering a larger range of specificity values and having a skewed distribution towards
more specific inhibitory and activating receptors. A large number of iNKRs per haplo-
type reduces the contribution of aNKRs, and therefore the latter can have low specificity
values without affecting the protection level (Figure 3.3 D-E). Note that the area of high
protection shrinks when the fraction of aNKRs is decreased, where maximal protection
can only be achieved for extremely high specificities (i.e. pI ≤ 0.1) (Figure 3.3 F).

These results depend on a similar manner on the number of MHC loci per individual as
those shown in Figure 3.2, with aNKRs having a lower protective effect with increas-
ing MHC loci number (results not shown). Therefore, we conclude that the maximal
protection against CMV-like viruses is easier to achieve in mixed haplotypes.

3.2.4. Agent-based model of activating and inhibitory NKRs

Our probabilistic model allows us to quantify the expected protection given a certain
number of aNKRs and iNKRs. However, it is not clear whether a population with
evolving NKRs would find the same basin of attraction for the specificity (i.e. p) when

55



Chapter 3. Quantifying the protection of NKRs

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

p a

pi

iNKRs = 0; aNKRs = 20

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

p a

pi

iNKRs = 20; aNKRs = 0

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

p a

pi

iNKRs = 15; aNKRs = 5

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

p a

pi

iNKRs = 3; aNKRs = 17

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

p a

pi

iNKRs = 5; aNKRs = 15

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8

p a

pi

iNKRs = 10; aNKRs = 10

 1

A B

C D

E F

pr
ot

ec
tio

n 
(P

I o
r P

A)

 0

 0.2

 0.4

 0.6

 0.8

 1

Figure 3.3. Mixed haplotypes render highest protection. The heatmaps show the protec-
tion level as the probability of detecting the infection for haplotypes composed of iNKRs
and aNKRs (as calculated by Eq. 3.4). The protection level is shown in the color bar from
highest (red) to lowest (blue). Panels (A)-(F) show the NKR haplotype composition for dif-
ferent fractions of iNKR and aNKR. Considering a haplotype size of NNKR = 20, we first
modeled haplotypes composed of aNKRs only (A), and reduced their number, while increas-
ing the number of iNKRs (B-E), until we obtained a haplotype composed only of iNKRs (F).
We here consider 2 MHC loci (i.e. Nmhc = 2).

infected with a CMV-like virus.

To study the evolution of NKR specificity in populations infected with a CMV-like
virus, we developed an agent-based model similar to the one described in Chapter 2
(for a detailed description of the model see Material and Methods section). Briefly, our
model considers a human population infected with a non-lethal herpes-like virus causing
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chronic infections. The hosts carry a diploid genome with one or two MHC loci, and ten
NKR loci. We consider 15 MHC alleles per locus (mimicking the common HLA-B, and
C alleles in the European populations) and this polymorphism is kept constant throughout
the entire simulation (i.e. we do not allow for mutation of the MHC genes). The initial
NKR haplotype consists of ten different genes, and all individuals are homozygous for
the same NKR haplotype.

Upon birth, novel receptors can be created, allowing for evolution within the NKR gene
complex. Each new receptor comes with a randomly chosen receptor type (i.e. either
inhibitory or activating), and a randomly chosen specificity value (corresponding to 0 ≤
p ≤ 1, see Material and Methods). Receptors that are so specific that they are unable to
recognize any MHC in the population will never be functional, and are considered to be
pseudogenes. Thus, haplotypes expand by acquiring receptors with novel p values and
signaling potential, but can also contract due to the accumulation of pseudogenes.

In this agent-based model, we also mimic the MHC dependent NK cell education process
(Figure 3.1). We remove iNKRs which fail to recognize any MHC molecule within an
individual from the licensed repertoire. Similarly, those aNKRs capable of recognizing
self MHC molecules are deleted from the licensed repertoire. Only the licensed NKRs
are able to participate during the immune response.

Infection of a host starts with a short acute phase, after which the individual either recov-
ers or becomes chronically infected. We consider one wild-type virus and several decoy
viruses (1 decoy per MHC molecule in the population). We do not allow for superinfec-
tion nor co-infection, thus hosts can be infected with only one of the viruses. A decoy
virus down-regulates the expression of all MHC molecules within an individual, and ex-
presses an MHC-like molecule. Thus, every virus expressing a decoy molecule has the
potential to escape the immune response of both T and NK cells. The evolution of decoy
proteins is modeled by allowing the virus to adopt a randomly selected MHC molecule
from its host. Therefore, each decoy protein is actually an MHC molecule.

The population is first inoculated with the wild-type virus, which can be typically cleared
after the acute phase because of the implicit response of both T and NK cells. We model
the immune response with one parameter describing the probability of clearing the in-
fection. For the wild-type virus this is set to pwt = 0.85 (Table 2.2), resulting in approx-
imately 85 % of the wild-type infections being cleared. Individuals clearing the infection
become immune for a period ti of ten years. At steady state, approximately 20 % of the
population becomes chronically infected (Fig 3.4 A-B (green solid lines)), 65 % become
immune (Fig 3.4 A-B (green dashed lines)), and 5 % are susceptible for infection. The
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immune escape of the decoy viruses is modeled by decreasing the clearance probability
to zero (pdec,1 = 0, Table 2.2), which occurrs if at least one of the licensed iNKRs or
none of the aNKRs binds to the decoy molecule (Table 3.1). With this agent-based model,
we can study the evolution of NKR specificity, and quantify the protection provided by
activating and inhibitory receptors.

3.2.5. Inhibitory receptors evolve higher specificity than activating
receptors after a CMV-like infection

We first study the protection provided by iNKRs against a CMV-like virus. After 5000
years of infection with the wild type virus, we allow for the emergence of decoy viruses.
The initial specificity of the iNKRs is set to p ≈ 0.4 (see Material and Methods). The
decoy viruses spread easily among individuals carrying only iNKRs, resulting in a high
fraction of chronically infected individuals (Figure 3.4 A red solid lines). Moreover,
almost none of the hosts is able to control the infection (Figure 3.4 A red dashed lines),
and the total population size decreases dramatically to 50 % of the carrying capacity (i.e.
maximal population size), confirming the results from the probabilistic model. However,
after centuries of infection, the fraction of recovered individuals increases, and with it
the total population size, indicating a recovery of the population. This observation is
consistent in all ten simulations we performed for iNKRs (Figure 3.4 A, C).

To study how these individuals evolve to control an infection with a virus having an
MHC-like molecule, we analyze the average specificity of the NKRs over time. We de-
termine how many MHC molecules in the population can be recognized by each receptor,
and normalize it by the number of total MHC molecules in the population (Figure 3.4 E
red line). We observe that the specificity increases after the emergence of the decoy vir-
uses. At the end of the simulations, each iNKR recognize less than 20 % of the MHC
molecules in the population, indicating that evolution selects for specific iNKRs.

We perform the same simulations and analysis for populations having only aNKRs. Com-
pared to populations having iNKRs, the initial spread of the virus is somewhat impaired
(Figure 3.4 B red solid lines). Already at the beginning of the infection, some individuals
are able to control the virus (Figure 3.4 B red dashed lines). The population size decrases
to 60 % of the carrying capacity, and is therefore fitter than in those simulations con-
sidering only iNKRs (Figure 3.4 A-C). Thus, aNKRs provide a better initial protection
than iNKRs. Accordingly, the number of recovered individuals and with it of the total
population increases rapidly, reflecting their fast recovery against viruses evolving decoy
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proteins.

The higher protection of aNKRs compared to iNKRs can be explained by the initial
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Figure 3.4. Agent based model confirms probabilistic model (A) A host population having
only iNKRs was inoculated with a wild type virus (green lines) after a period of t = 5000
years (green solid lines show the chronically infected individuals, and the dashed lines the
immune individuals). 10 000 years after the initial epidemic (i.e. t1), we allowed for the
evolution of decoy viruses (red lines). During the wild type infection, most individuals re-
cover (dashed green line). In contrast, almost none of the individuals are initially capable
of clearing a CMV-like infection (red dashed line), resulting in a large decrease of the total
population size (black line). (B) A host population having only aNKRs is initially better
protected against decoy viruses, resulting in a higher fraction of the population clearing the
infection, and a lower decrease of the total population size. (A) and (B) show single rep-
resentative simulations. (C) The average population size during the initial spread of decoy
viruses (t1) is lower than that at the end of the simulations (i.e. t2 = 3mio. years), indic-
ating that over time, the populations learn to cope with the viral infection. Individuals in
simulations considering only aNKRs (black) are initially better protected than those in sim-
ulations considering only iNKRs (red). In these simulations, all hosts carry only one MHC
locus. (D) The initial advantage that aNKRs have over iNKRs receptors decreases in simu-
lations considering two MHC loci per individual. (E) The probability of iNKRs recognizing
any random MHC molecule in the population decreases over time (red line), indicating that
more specific receptors are being selected for. In contrast, aNKRs (black line) do not evolve
such high degree of specificity. (F) aNKRs evolve to become more specific in simulations
where individuals have two MHC loci. (G) The degree of NKR polymorphism (expressed as
the SRI score) increases in time, as a result of the evolved higher specificity. (H) SRI score
in simulations considering two MHC loci. In (C)-(D), the boxes represent the interquartile
range, and the thick horizontal lines the median out of ten simulations (** represent p values
< 0.005, and were calculated using the Mann-Whitney U test). In (E)-(H), the solid lines
represent the average out of ten simulations, and the dashed lines are the standard deviation.

specificity. Because we initialize all populations with intermediate specificity, individuals
carrying only aNKR are initially better protected (Figure 3.2). Nevertheless, aNKRs also
evolve to be more specific (Figure 3.4 E black lines). At the end of the simulation, aNKRs
recognize on average approximately 35 % of all MHC molecules, and hence decoys in the
population. Taken together, our agent-based model reveals that iNKRs need to be more
specific than aNKRs to protect during an infection with a CMV-like virus, confirming the
results from our probabilistic model.

Note that we do not explore all possible loci number in the agent-based model. To save
computational time, we test the evolution of the specificity given a fixed loci number of
NKRs. Populations carrying 10 NKR loci correspond to 20 NKRs in the probabilistic
model, where the protection is maximal at very high specificity values for iNKR, and
intermediate values for aNKR. These values corespond indeed to the specificity values
that the populations evolve in our simulations. We carried out additional simulations for
5 and 15 NKR loci, the results of which confirmed the predictions of the mathematical
model (results not shown).
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3.2.6. Populations having only aNKRs evolve a larger NKR poly-
morphism than populations with only iNKRs

Our probabilistic model predicts that the protection by iNKRs and aNKRs increases with
the number of receptors per individual (Figure 3.2), because a large receptor number
increases the chance of a host carrying very specific NKRs to have licensed receptors.
This observation suggests that heterozygous hosts should have an advantage over homo-
zygotes. We therefore hypothesized that heterozygous advantage must be selecting novel
NKRs in our agent-based model, driving polymorphism of NKRs in the population.

To measure the polymorphism at population level, we use the Simpson’s reciprocal index
(SRI, see Material and Methods). The SRI is a diversity measure that is equal to the total
number of NKRs if they are equally distributed in the population, whereas the SRI is
lower than that in a population where some alleles dominate (Simpson, 1949).

The initial polymorphism of aNKRs (i.e. SRI = 10) increases over time (Figure 3.4 G
black line), reflecting that a high number of aNKRs provides indeed an advantage. Sim-
ilarly, the SRI score of iNKRs increases over time. Because each evolved iNKRs recog-
nizes on average one MHC molecule in the population, there is selection for haplotypes
that do not overlap in the MHC molecules they recognize. Thus, the heterozygote ad-
vantage is large in these populations, driving the diversity of iNKRs.

3.2.7. Protection depends on the number of MHC loci

To confirm our results concerning the dependency on MHC loci number, we also perform
simulations with individuals having two MHC loci. An increasing number of MHC loci
has a large effect on the protection provided by aNKRs. Although these populations
are initialized with intermediate specific NKRs, the initial protection is lower than in
the population carrying only one MHC locus (Figure 3.4 D). For better protection, a
higher specificity is required, and the selection for more specific aNKRs is stronger in
these simulations (Figure 3.4 F). As a result of the higher specificity, a larger number
of receptors per haplotype is necessary to become licensed and to recognize the foreign
decoy molecules. Therefore, the advantage of heterozygotes over homozygotes is larger
in these populations, resulting in a higher degree of polymorphism (Figure 3.4 H).

The protection and evolution of iNKRs is also sensitive to the number of MHC loci per
individual. Like in the simulations considering one MHC locus, we observe a recovery
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of the population as more specific receptors are evolving (Figure 3.4 D, F). Hereby, the
specificity evolved to even higher values, as the evolved iNKRs recognize on average less
than 5 % of all the MHC alleles in the population. Because of this high specificity and
the larger number of MHC alleles in populations having two MHC loci, more iNKRs per
haplotype are necessary to have at least one licensed receptor. Hence, the total SRI score
is higher in these simulations, than in the case of single MHC locus (Figure 3.4 G-H, red
line).

3.2.8. Basin of attraction: mixed haplotypes containing a majority
of aNKRs

Finally, we performed simulations of populations having both iNKRs and aNKRs, in
which we allow for the evolution of the specificity and also the receptor type. The initial
specificity values for both receptor types was intermediate (i.e. p ≈ 0.4) and we intialized
the genotypes with a random number of activating and inhibitory receptors.

After the appearance of decoy viruses, the populations suffered similar effects to those
having only iNKRs and aNKRs. The population size decreases dramatically at first, and
with time it recovers. The final population size is higher than in the simulations consid-
ering only one type of receptor, approaching 70 % of the carrying capacity (Figure 3.5 A)
because mixed haplotypes protect better than only one type of receptors. At the end of the
simulations, we observe more aNKRs than iNKRs per haplotype (Figure 3.5 B), i.e. the
final haplotypes are composed on average of 6 aNKRs, and 4 iNKRs. In agreement with
the predictions of the analytical model, both receptor types evolve high specificity, (i.e.
p ≤ 0.35), and a high polymorphism (Figure 3.5 C,D). Summarizing, the agent-based
model confirms the prediction of the probabilistic model.

3.3. Discussion

Our mathematical model predicts the optimal protection level provided by inhibiting and
activating NKRs against viruses expressing MHC-like molecules. Haplotypes composed
only of iNKRs detect the viral infection within a small range, requiring high specificity
and large haplotype size. In contrast, the maximal protection is reached for intermediate
specificity values and at a smaller haplotype size in individuals having only aNKRs.
Mixed haplotypes, i.e. haplotypes carrying both iNKRs and aNKRs offer the highest
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Figure 3.5. Mixed haplotypes offer the highest protection. A host population having
iNKRs and aNKRs was inoculated with a wild type virus after a period of t = 5000 years;
we allowed for the evolution of decoy viruses 10 000 years after the initial epidemic (i.e. t1).
(A) The population size during the initial spread of decoy viruses (t1) is lower than that at
the end of the simulations (i.e. t2 = 3mio. years), indicating that over time, the population
recovers from the viral infection. (B) The initial haplotype is composed of five iNKRs and
five aNKRs. The number of aNKRs and iNKRs per haplotype varies over time, resulting in
a selection for haplotypes with a larger activating potential. (C) The probability of NKRs
recognizing any random MHC molecule in the population, decreases over time, indicating
that more specific receptors are being selected for. (D) The degree of NKR polymorphism
(expressed as the SRI score) increases in time, as a result of the heterozygote advantage due
to the evolved higher specificity. Averages taken out of ten different simulations. In (A),
the boxes represent the interquartile range, and the thick horizontal lines the median (**
represent p values < 0.005, and were calculated using the Mann-Whitney U test). In (B)-
(D), the solid lines represent the average out of ten simulations, and the dashed lines are the
standard deviation.

protection.

All these results are dependent on the number of MHC loci per individual. With in-
creasing MHC loci, aNKRs lose their ability to become licensed and thus provide little
or no protection. In contrast, haplotypes composed only of iNKR have a higher chance
of having licensed receptors when the number of MHC loci is increased. In this case,
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the protection level is maximal already with a contracted NKR haplotype. Thus, there
seem to be several combinations of MHC-NKR genotypes that provide maximal protec-
tion. A high protection is reached with a simple MHC complex and a high number of
NKR genes. With increasing complexity of the MHC, a contracted NK complex is suffi-
cient to render protection. These last results are particularly interesting, as they provide
a possible explanation of the differences in KIR and MHC gene content across primate
species (Sambrook et al., 2005), and the expansion of new KIR lineages corresponding
to the contraction of the MHC gene complex, illustrating thus the co-evolution of MHC
class I and KIRs (Parham and Moffett, 2013).

The model described here is inspired by viruses evolving decoys. However, its main
outcome, namely the requirement for specificity, might be more general than the de-
fense against such decoy viruses. Studies have shown that viral infections can change the
repertoire of peptides presented by MHC class I molecules (Hickman et al., 2003), and
that these different peptides affect the NKR-MHC interactions, perturbing the binding
of iNKRs and leading to NK cell activation (Fadda et al., 2011). In such cases, spe-
cific recognition of the changes in peptide repertoire by NK cells seems advantageous
for the host. Also, the specificity ranges obtained in our model for mixed haplotypes
(Figure 3.3 E) are similar to those observed in reality, with iNKRs having a specificity
of approximately 0.2. This corresponds to the four mutually exclusive epitopes that have
been detected so far for inhibitory KIRs in humans: HLA-A11, -Bw4, -C1, and -C2.

The exact role of aNKRs remains intriguing. Since only a few aNKRs tend to recognize
MHC class I molecules (Moesta et al., 2010), we speculate that aNKRs could specific-
ally recognize new ligands expressed upon viral infection (e.g. decoy molecules or stress
ligands). Our model predicts that to face the challenge of not recognizing self but spe-
cifically recognize foreign antigens, aNKRs do not need to be so specific. Indeed, the
haplotype providing the highest protection is a combined haplotype composed of more
aNKRs than iNKRs, which disagrees with the most primate KIR haplotypes (Parham and
Moffett, 2013). Most primate NKRs are inhibitory, and activating receptors have been
linked to selection pressure induced by reproduction (Parham and Moffett, 2013). Our
model predicts that aNKRs should evolve to an intermediate specificity upon CMV-like
infections. However, not many activating ligands have been identified yet, and it remains
puzzling what other roles aNKRs might play.

The expansion of NKR superfamilies, presumably in order to gain resistance against
pathogens, illustrates the high evolutionary complexity of NKRs. We aimed to fully un-
derstand the effects of a single possible driving force of this evolutionary process, namely
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that of a viral encoded MHC-like molecule. Therefore, we focused on modelling only
the evolution of NKRs in a simple model, which requires simplifying assumptions. For
instance, we fixed MHC polymorphism despite the evidence of the co-evolution between
MHC class I and KIRs (Parham and Moffett, 2013, Sambrook et al., 2005). Given their
different evolutionary timescales, i.e., that MHC molecules are older than both Ly49
and KIRs, we chose to model the expansion and contraction of NKR systems within an
already existing MHC diversity. Additionally, we assumed that decoy viruses downreg-
ulate the expression of all MHC molecules in the host. Even though we do not expect
selective MHC downregulation to affect the evolution of aNKRs (since activating recept-
ors cannot detect missing self), the evolution of iNKRs might be affected because more
licensed iNKRs will be necessary to recognize a virus that downregulates only one of the
host’s MHC-I molecules. Note that if the licensed repertoire of iNKRs is larger, these
receptors should be even more specific to avoid being “fooled” by the decoy molecule.
The exact effect of selective MHC downregulation on the specificity of iNKRs is an open
interesting question, which we are currently working on.

Other simplifying assumptions were also necessary, such as considering a global
NKR repertoire and ignoring the synergy between NKRs or the direct interaction between
immune cells. Additionally, we ignored mutational operators that conserve similarity
between pre- and post-mutation receptors (e.g. point mutations), as we only model muta-
tions that significantly change receptor functionality. Including point mutations, did not
affect the results qualitatively (results not shown), however a longer evolutionary time
was necessary to approach the same solution of specificity. Overall, since our main res-
ults are of a qualitative nature, it seems unlikely that relaxing any of these assumptions
would affect our main results. Note also that our agent-based model is inspired on hu-
mans and KIRs, with the advantage of having realistic parameters for processes like birth
and death. However, the model can be generalized to other species, and qualitatively it
represents a model of the evolution of the expansion of the NKR complex.

All our analytical results were consistent with the agent-based model and our analysis
allowed us to quantify the protection against an infection for both receptor types. It con-
firmed our results of Chapter 2 that iNKRs should become specific enough. Our new
approach has shed light into the possible contribution that each receptor type confers
upon infection, and allowed us to conclude that mixed haplotypes render the best protec-
tion.

65



Chapter 3. Quantifying the protection of NKRs

3.4. Materials and Methods

3.4.1. Agent-based model

The agent-based model consists of two types of actors (hosts and viruses) and three events
(birth, death, and infection). This model is virtually identical to the one in Chapter 2.
Briefly, we screen all hosts in a random order during each time step of one week, and
confront them to one of the randomly chosen events. Hosts age over time and at the end
of each time step, their age, infection state, and type of infection is updated. This cycle
is repeated for two million years to simulate long term evolution. All model parameters
are given in Table 2.2.

We model simplified diploid individuals, carrying gene complexes for NKR, and MHC-
class I. For simplicity, we consider 15 MHC alleles per locus, resembling the most com-
mon HLA alleles in the European population (Meyer et al., 2007). NKRs and their
ligands are modeled with randomly generated bit strings as a simplified representation of
amino acids (Farmer et al., 1986). If the longest adjacent complementary match between
two strings exceeds a threshhold L, we allow for the receptor to interact with its ligand.
The threshold L determines thus the specificity of each receptor: a receptor with a small
L value will be very degenerate and the probability of a random NKR to recognize a
random MHC molecule will be p ≈ 1. In contrast, a receptor with a large L value will
be specific, and accordingly, the probability of this receptor binding any MHC molecule
in the population will be p� 1 (for a detailed description see Chapter 2).

Receptor types

In the present model, we allow for the evolution of aNKRs. When a novel NKR is gen-
erated, a random L value between 1–16 is assigned to it, and its type (i.e. whether it is
activating or inhibitory) is also randomly chosen. Thus, each receptor has its particular
specificity and funcionality. Recepors with L values larger than 13 will usually not re-
cognize any MHC molecules in the population, and are typically not functional. Genes
encoding such unfunctional NKRs are considered to be pseudogenes. Haplotypes con-
taining pseudogenes are effectively shorter than haplotypes composed of fully functional
NKRs. Thus, we can model the contraction and expansion of the NKR gene complex.
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Viral infections

In our simulations, we consider one wild type virus and several “decoy viruses”, i.e.
viruses expressing MHC decoys. Each virus comes with a viral load, which is imple-
mented as an increase of the host’s death rate, VLi depending on the infection state i (see
Table 2.2), and a probability of clearing the infection pwt, and pdec,s for the wild type and
the decoy viruses, respectively. A decoy virus downregulates the expression of all MHC
molecules in that host, and encodes one MHC-like molecule. The evolution of decoy
molecules is modeled by allowing the virus to adopt a randomly selected MHC molecule
from its host with a rate µv . The virus keeps this decoy for the rest of the simulation.
Because we fix the MHC polymorphism to 15 alleles per locus, the maximal number of
decoy proteins that can evolve in the population is 15 for the simulations considering 1
MHC locus, and 30 for those considering two MHC loci.

We consider different levels of protection against a decoy virus, depending on the success
of the virus to escape the NK cell response, s. If at least one of the licensed iNKR binds
to the decoy molecule, there will be an inhibitory signal, the host will not be able to detect
“missing-self”, and the decoy virus will be successful. Similarly, if none of the licensed
aNKRs recognizes the decoy molecule, the decoy virus will evade the NK cell response.
Thus, none of the iNKRs or at least one aNKRs should bind the decoy molecule to render
protection (Table 3.1). We model the immune escape by setting the probability of clear-
ing the infection to zero, letting the host become chronically infected. In the case that a
decoy is not successful, the host will be able to detect “missing-self”. Since this virus
is nevertheless able to evade the response from T cells (due to the MHC downregula-
tion), the probability of clearing the infection is lower than that of the wild type virus
(pwt = 0.85). The resulting probability of clearing the infection is described by:

pdec,s =

0, if s = 0 (successful decoy)

0.5, if s = 1 (unsuccessful decoy).
(3.5)

The rest of the parameters defining the infection dynamics and immune escape of the
decoy viruses (i.e. time of infection, immunity time, and transmission probabilities)
were set like in Chapter 2 and are described in Table 2.2.
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Mutation

During each birth event, NKRs undergo mutation with a probability µ. To decrease com-
putation time, we model mutation by randomly creating a new receptor with its particular
specificity and signaling type. We do not consider other mutational operators, e.g. point
mutations, recombination, deletion, or duplication.

We first perform simulations where only the specificity can evolve (i.e. a random value
L is assigned to each new receptor), while the receptor type remains fixed. Hereby, we
are able to compare what the basin of attraction for the specificity will be, if a population
has only aNKRs or only iNKRs. We also simulate populations with mixed haplotypes,
by allowing the receptor type to mutate.

NK cell education

During the birth event, an NK cell education process takes place. Like in our probabilistic
model explained above, iNKRs which recognize at least one of the MHC molecules
within one individual, and aNKRs that fail to recognize all of the MHC molecules within
the host, are set to be licensed. In our model, only the licensed repertoire of NKRs will
participate in an NK cell response (Figure 3.1).

3.4.2. Model Initialization

The model is initializated with a host population of 4500 hosts, with random ages
between 1 and 70 years corresponding to a uniform age distribution. After approximately
10 host generations, this age distribution corresponds to more modern age distributions
with the majority of individuals having an age between 15-60.

At the start of every simulation, a gene pool for MHC alleles is generated, the size of
which depends on the number of MHC loci per individual. It consists of 15 alleles in
simulations considering one MHC locus per individual, and of 30 alleles in those sim-
ulations considering two MHC loci per individual. To create the initial genome of each
individual, MHC genes were randomly drawn from the pool, while ten NKRs with inter-
mediate specificity (2 ≤ L ≤ 4, i.e. p ≈ 0.4) were generated. Thus, the initial haplotypes
did not contain any pseudogenes. In the simulations considering mixed NKR haplotypes,
the initial genes can be both activating and inhibitory. The type of each receptor was ran-
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domly chosen as explained above, resulting in approximately 50 % of the receptors being
activating. All individuals were initialized with the same NKR haplotype, but with dif-
ferent MHC genes.

3.4.3. Implementation

The model was implemented in the C++ programming language. We considered popula-
tions with haplotypes composed of only aNKRs, only iNKRs, or both. In every scenario,
we compared the effects of one or two MHC loci per individual. For each of these set-
tings, we performed ten simulations for 2 million years. The code is available upon
request.
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Table 3.1. Levels of protection against a decoy virus in the agent-based model

# aNKRbinding = 0 # aNKRbinding > 0
# iNKRbinding = 0 pdec,1 pdec,1
# iNKRbinding > 0 pdec,0 pdec,1

aNKRbinding and iNKRbinding refer to the number of iNKRs and aNKRs binding the
decoy molecule, respectively. The receptors here are considered to be licensed.

3.6. Supplementary Information

3.6.1. Global repertoire of licensed NKRs

Instead of considering individual NK cells expressing a tuned set of NKRs, we model a
global repertoire of “licensed” NKRs in each host. Hereby, we assume that the expres-
sion of at least one “licensed” receptor is sufficient to educate NK cells, and that those
functional NK cells can become activated upon viral infection. This assumption needs
further explanation.

If an aNKR recognizes some self molecule (or self MHC), all developing NK cells ex-
pressing that receptor should additionally express at least one iNKR recognizing self to
prevent self-reactivity. As a consequence, all NK cells expressing that aNKR should
never become activated, even if a virus encodes a ligand which engages that aNKR.
Therefore, we call such an aNKR“unlicensed”: it will never contribute to detect a viral
infection. In contrast, if an aNKR that does not recognize any self molecule, all devel-
oping NK cells expressing that receptor will not be influenced by it, and these cells will
express other iNKRs and aNKRs that balance their self-reactivity. NK cells expressing
that aNKR will become activated when a virus expressing its ligand engages that aNKR.
Therefore we call such an aNKR "licensed". Any NK cell expressing this aNKR should
breach its activation threshold, expand, and protect, when the ligand is present.

Now consider an iNKR that recognizes some self MHC. All developing NK cells ex-
pressing that receptor will be tuned to balance its self-reactivity. As a consequence, all
NK cells expressing that iNKR should become activated when a virus down-regulates
this particular MHC. Therefore we call such an iNKR “licensed”: it detects MHC down-
regulation. However, for an iNKR that does not recognize any self MHC, the developing
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NK cells expressing that receptor will not be influenced by that iNKR. Consequently,
these cells will express other iNKRs and other aNKRs in order to balance their self-
reactivity. Therefore, NK cells expressing that iNKR will not become activated by this
iNKR when a virus down regulates self MHC. Therefore we call such an iNKR “unli-
censed”: it would never contribute to the detection of virus infected cells.

What happens with the NK cells expressing such an unlicensed iNKR if it happens to
recognize something else on virus infected cells, e.g. a decoy? Then the iNKR should
deliver an extra inhibitory signal to those cells. Consequently, these NK cells cannot
expand and protect, even if their other iNKR detect MHC down regulation, or if their
other aNKR detect a new ligand. Hence, such an unlicensed iNKR will not protect, and
can be considered to be non functional at the repertoire level.
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Abstract

Natural killer cell receptors (NKRs) monitor the expression of MHC class I and stress
molecules to detect unhealthy tissue, such as infected or tumor cells. The NKR gene
family shows a remarkable genetic diversity, containing several genes encoding recept-
ors with activating and inhibiting signaling, and varying in gene content and allelic poly-
morphism. The expansion of the NKR genes is species-specific, with different species
evolving alternative expanded NKR genes, which encode structurally different proteins,
yet perform comparable functions. So far, the biological function of this expansion within
the NKR cluster has remained poorly understood.

To study the evolution of NKRs, we have developed an agent-based model (ABM) imple-
menting a co-evolutionary scenario between hosts and herpes-like viruses, that are able
to evade the immune response by downregulating the expression of MHC-I on the cell
surface. We show that hosts evolve specific inhibitory NKRs, specialized to particular
MHC-I alleles in the population. Viruses in our simulations readily evolve proteins mim-
icking the MHC molecules of their host, even in the absence of MHC-I downregulation.
As a result, the NKR locus becomes polygenic and polymorphic, encoding both spe-
cific inhibiting and activating receptors to optimally protect the hosts from co-evolving
viruses.
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4.1 Introduction

4.1. Introduction

Natural killer (NK) cells are key players in the immune defense against viral infections
and tumors (Vivier et al., 2008). Classified as components of the non-specific innate im-
mune system, NK cells recognize abnormal or viral infected cells with a sophisticated
array of germline-encoded activating and inhibiting receptors. Inhibiting NK cell recept-
ors (iNKRs) bind mostly MHC class I (MHC-I) molecules, providing a mechanism by
which NK cells distinguish normal healthy cells from abnormal cells expressing reduced
levels of MHC-I molecules on the cell surface. Activating NK cell receptors (aNKRs)
target viral products, stress-induced ligands, or other tumor-specific molecules (Lanier,
2005). Thus, the engagement of iNKRs and aNKRs enables NK cells to become cyto-
toxic towards abnormal or viral infected cells, while remaining silent towards healthy
cells with normal MHC-I expression.

Some of the NK cell receptors (NKRs) discriminating between healthy and unhealthy
cells are highly conserved across species. Examples are the inhibitory CD94/NKG2
receptors recognizing the also monomorphic HLA-E in humans and Qa-1b in mice (Bor-
rego et al., 1998, Braud et al., 1998, Petrie et al., 2008, Zeng et al., 2012), and the activ-
ating NKG2D detecting MHC-I-like proteins that are induced upon stress, like MIC-A,
MIC-B in humans and RAE-1, MULT1 and H60 proteins in mice (Bacon et al., 2004,
Bauer et al., 1999, Cerwenka and Lanier, 2001, Cerwenka et al., 2000). In addition to
these conserved receptor-ligand interactions, there exists a variety of polymorphic multi-
gene families performing equivalent functions. These include the killer immunoglobulin-
like receptors (KIRs) in higher primates (Guethlein et al., 2007a, Parham et al., 2010),
the CD94/NKG2 receptor family in lemurs (Anfossi et al., 2006), and the Ly49 gene
family in rodents and equids (Wilhelm and Mager, 2004, Wilhelm et al., 2002).

The multigene NKR families exhibit a large variation on the population level, as haplo-
types differ in gene content, allelic polymorphism, and the ratio between activating and
inhibiting NKR genes. Because NKR genes segregate independently from MHC-I genes,
the number of possible receptor-ligand combinations is enormous. But, if conserved re-
ceptor ligand interactions (such as NKG2A/HLA-E, NKG2A/Qa-1b, and NKG2D/MIC-
A) are able to successfully discriminate between self and viral molecules, what is the
evolutionary advantage of having polymorphic, polygenic, and specific NKRs? The poly-
morphism of their ligands (i.e. classical MHC-I molecules) is not enough to explain the
polymorphism of NKRs, as there are several non-polymorphic receptors binding all class
I MHC molecules (e.g. CD8 on T cells). Thus, what is the selection pressure driving the
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evolution of polygenicity and polymorphism within the NKR cluster?

The fact that different species show expansion of different structural NKR families sug-
gests that the NKR cluster has been subject of rapid evolution and that a polygenic
and polymorphic NKR gene complex provides an evolutionary advantage in many taxa.
Moreover, the associations between specific NKRs and positive disease outcome in
human viral infections, such as HIV-1 (Martin et al., 2002b, Pelak et al., 2011) and
HCV (López-Vázquez et al., 2005), further suggest that NKRs are beneficial against a
large number of viral infections. The complex evolutionary interplay between NKRs and
viruses has been elucidated by several studies of mice infected with the murine cytomeg-
alovirus (MCMV) (Arase et al., 2002, Smith et al., 2002). MCMV downregulates the
expression of MHC-I and additionally codes for MHC-like molecules that can engage
iNKRs in 129/J mice, thereby impeding NK cell activation (Smith et al., 2002). In con-
trast to 129/J mice, C57BL/6 mice are resistant to MCMV infection. The susceptibility
of 129/J mice has been explained by the strong interaction of their iNKR Ly49I with the
CMV encoded protein m157. In contrast, the resistance of C57BL/6 mice to MCMV has
been genetically mapped to a gene coding for the aNKR Ly49H, which also binds m157
with high affinity (Lee et al., 2001, Smith et al., 2002). Because the activating Ly49H
evolved from its inhibitory counterpart Ly49I (Abi-Rached and Parham, 2005), it has
been proposed that the evolution of the aNKR resulted from the immune pressure exer-
ted by CMV having escaped the NK cell responses by evolving “MHC-I decoys” (Arase
and Lanier, 2002, Lanier, 2008, Sun and Lanier, 2009).

C57BL/6 is not the only strain resistant to MCMV. Inbred MA/My mice also have low
viral titers after infection with CMV and do not possess the Ly49H gene. Their res-
istance is mediated by the aNKR Ly49P which specifically recognizes MCMV infected
cells in a H2-Dk dependent manner (Kielczewska et al., 2009). Interestingly, this resist-
ance requires the presence of the virally encoded protein m04, which escorts and binds
newly assembled MHC-I molecules on the cell surface. Other aNKRs that recognize
CMV infection in a m04-H2 dependent manner include Ly49LBALB, Ly49P1NOD, and
Ly49W1NOD (Pyzik et al., 2011). Like m157, the original function of m04 might have
been to counteract the effect of MHC downregulation and avoid “missing-self” detec-
tion by iNKRs. Apparently, hosts evolved novel aNKRs allowing them to control the
infection as a counter-strategy.

The hosts’ adaptation exerts a strong selection pressure on the virus, as demonstrated by
the high degree of polymorphism observed in the m157 and m04 genes from MCMV
strains isolated from wild mice (Voigt et al., 2003), as well as by the loss-of-function
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mutations in m157 genes after serial passage of MCMV in C57BL/6 mice (Voigt et al.,
2003). Thus, the co-evoution between NKRs and viruses shows features of Red Queen
dynamics, where viruses continue to evolve immuno-evasive mechanisms to escape from
the NK cell response, and the hosts keep on adapting by evolving novel NKRs, exerting
novel selection pressures on the virus.

We investigate this dynamic and complex co-evolutionary process with a computational
agent-based model (ABM) of host populations infected with two different viral species,
one of which is able to evade the adaptive immune response by downregulating MHC-I
expression. We observe that viruses “spontaneously” evolve MHC-like molecules, “fool-
ing” and hence escaping detection by both iNKRs and aNKRs. Consequently, hosts
evolve haplotypes composed of specific iNKRs, which are specialized to recognize small
groups of MHC-I molecules, and sufficiently specific aNKRs, recognizing viral mo-
lecules.

4.2. Results

4.2.1. Agent Based Model

To study the evolution of NKRs in a host population, we developed an ABM based on
our previously described models (see Chapters 2 and 3). Briefly, the host population
consists of simplified humans infected with non-lethal viruses causing chronic infections.
The hosts are diploid, carrying two polymorphic MHC loci and an NKR cluster. NKRs
and MHC molecules are modeled with random sequences of zeros and ones (i.e. bit
strings) as a simplified representation of amino acids. Whenever the longest adjacent
complementary match between two strings exceeds a binding threshold, the molecules
can interact (Figure 2.1 A).

Initially, the NKR cluster is composed of one degenerate receptor pair, i.e. one iNKR and
one aNKR, each recognizing every MHC molecule in the population. Upon birth, indi-
viduals inherit one NKR haplotype from each parent. During this process, NKRs can
mutate their sequence, their binding threshold, and their signaling potential, allowing for
the emergence of novel receptors. If a newly generated receptor is so specific that it fails
to recognize any MHC molecule in the population, it will be a pseudogene. We focus on
the evolution of NKRs, and therefore fix the MHC polymorphism throughout the sim-
ulations. The MHC alleles in the population are not completely random, but somewhat
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Figure 4.1. Model cartoon of the different levels of protection against viral species A
and B. The probability of clearing the infection (pA/B) depends on the interactions between
the licensed receptors and the viral molecule. If at least one aNKR of one host binds the viral
molecule, the NK cells of that individual will have an extra activating signal. However, the
NK cells will not be able to detect the downregulation of MHC-I if the viral molecule of the
B species engages at least one of the iNKRs. pA/B describes the probability of the hosts
becoming immune. The probability of becoming chronically infected is hence 1− pA/B.
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similar to each other (see Material and Methods). During development, NK cells un-
dergo an education process during which their reactivity is “tuned”. While the binding
of iNKRs with their cognate MHC molecules render these NK cells functional capacity
(Anfossi et al., 2006, Chalifour et al., 2009, Elliott and Yokoyama, 2011), the exposure
of aNKRs to self ligands results in hyporesponsive cells (Fauriat et al., 2010, Sun and
Lanier, 2008). We implement this process at birth by evaluating the binding of NKRs
with their MHC ligands in the host. For simplicity, we do not model individual NK cell
subsets, but estimate the total repertoire of “licensed” receptors per host. In each host,
the repertoire of licensed receptors consists of iNKRs binding at least one of the host’s
MHC molecules, and aNKRs failing to recognize all of the host’s MHC molecules (Fig-
ure 3.1). Additionally, aNKRs can only become licensed if the host expresses at least
one licensed iNKR. This last point was included to mirror the fact that the presence of
licensed aNKRs only would result in NK cell-related autoimmunity; however this does
not have a large impact on our results. In our model, only licensed NKRs participate
during an immune response, assuming that at least one NK cell subset will express the
set of licensed receptors, and will become activated and expand upon infection.

We model two viral species causing chronic infections (viral species A, and B). Both
species carry molecules (also modeled with bit strings), representing products coded by
viral genomes. Both viral species can mutate their viral molecules during the transmis-
sion to a new host, allowing for the emergence of new strains of each species. B viruses
can escape the cytotoxicity of T cells by downregulating the expression of MHC class-
I on infected cells. Upon transmission, the host will enter a phase of acute infection,
after which it can either recover or become chronically infected. Individuals clearing an
infection become immune against that particular viral species for a period of ten years.
Hosts can be co-infected with one viral strain of each species, but we do not allow for
superinfection with different strains of the same virus.

The probability of clearing the infection depends on the viral strategy of the virus to
escape the immune response (illustrated in Figure 4.1). If the viral molecules can be de-
tected by at least one aNKR of the host that gets infected, the NK cells of that individual
will receive an extra activating signal. However, if the viral molecule of the B species
engages at least one of the licensed iNKRs, the NK cells of that host will not be able to
detect the altered MHC-I expression, and will be inhibited. Thus, we assume different
levels of protection depending on the possible combinations of iNKRs and aNKRs per
individual.

In a typical simulation, 100 different strains from each viral species are introduced after
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Figure 4.2. A host population recovers evolves immunity to two viral species due to an
expansion of the NKR cluster. (A) Single representative simulation of a population infected
with both viral species. After their introduction at t1 = 10000 years, the viruses from
both species spread rapidly through the population, infecting most individuals and causing a
marked decrease of the total population size (black line). A large fraction of hosts become
immune against A viruses, and chronically infected with viruses of the B species (blue line).
In contrast, only a few individuals are immune against the B species and chronically infected
with A viruses (cyan line). Individuals chronically infected with both viral species (red line)
decrease in time, while hosts able to clear both infections evolve (green line). (B) Haplotype
composition in the NKR cluster at different time points (snapshots taken from the video
provided in the Supporting Information). Each haplotype is represented by one dot, the size
of which illustrates the frequency of the haplotype in the population. The position of each dot
represents the number of iNKRs and aNKRs in the haplotype. In the lower triangle of each
box, every haplotype is colored according to the average MHC coverage of its iNKRs.The
MHC coverage is defined as the probability for an NKR to recognize any MHC molecule in
the population. The degrees of MHC coverage are shown in the color bar from lowest (red)
to highest (pink). The diagonal lines represent the maximal number of genes per haplotype
we allow in our simulations. Mirrored on the diagonal, the haplotypes are colored according
to the MHC coverage of the aNKRs. At tend = 3000000 there are 9 common haplotypes as
estimated by the SRI.

the population has stabilized (t1 = 10000 years). Very rapidly, the viruses spread through
the population, infecting almost every individual, and causing a drastic reduction of the
population size (Figure 4.2 A, black line). In the infected subpopulation, most hosts are
infected with strains of the B species because it is more challenging to become immune
against B viruses compared to A viruses, as B viruses downregulate MHC-I molecules
(Figure 4.1). After several host generations, a population of individuals that is immune
against both viral strains evolves (Figure 4.2 A, green line). The number of immune in-
dividuals increases over time, causing a recovery of the total population size, suggesting
that the initially susceptible host population evolves a NKR system providing immunity
to both types of infections.

4.2.2. Immunity to infections is associated with the expansion of spe-
cific iNKRs and aNKRs

To understand how NKR evolution enables the immunity of the host population, we ana-
lyzed the receptors in the NKR cluster before and after a long period of co-evolution
(Figure 4.2 B). The initial haplotype composed of one degenerate aNKR and one degen-
erate iNKR diversifies shortly after the introduction of the viruses, with a clear selection
for large mixed haplotypes. Additionally, we observe selection for polymorphism, with
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Figure 4.3. Expansion of the NKR haplotypes leads to better immunity. (A) Individuals
immune to both viral species at t1 = 10000 years and tend = 3000000 years. (B)-(C)
Observed fraction of individuals having different levels of protection mediated by T cells,
aNKRs, and/or iNKRs as illustrated in Figure 4.1. At the beginning of the infection (t1), A
viruses tend to be cleared with pA = 0.8, whereas most individuals cannot clear B viruses
(pB = 0). Consequently, the number of hosts immune against both viral species is close to
zero. At the end of the simulation (tend), the fraction of individuals with a high level of
protection against B species increases to approximately 50 %, resulting in an increase in the
number of double immune individuals. The boxplots and the barplots show the mean out of
15 simulations. NKR haplotypes from all 15 simulations at t1 are shown in (D) and tend in
(E). The composition and specificity are as described in Figure 4.2 B. At tend there are on
average 9 common haplotypes per simulation as calculated by the SRI (several symbols are
overlapping).
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populations evolving more than 9 different haplotypes as estimated by the Simpson’s
Reciprocal Index (SRI) diversity measure (see Material and Methods).

As more receptors evolve, the number of immune individuals increases, indicating that
an expanded haplotype is necessary for the hosts to clear the infections. At the end of the
simulations, the fraction of hosts responding well to both types of viruses increases com-
pared to hosts from the initially susceptible population (Figure 4.3 A,B,C), confirming
that hosts evolve better immunity. The observation that the number of immune indi-
viduals increase as the haplotype composition changes was consistent for 15 simulations
(Figure 4.3 A,B,C).

To better study the effects of each viral species, we also performed simulations of popula-
tions spreading strains of only one viral species (Figure S4.1). Populations infected with
A strains only expand their aNKRs while keeping one degenerate iNKR (Figure S4.1 B).
This is because iNKRs remain engaged by the host’s MHC-I molecules as A viruses do
not downregulate MHC. On the other hand, there is selection for aNKRs recognizing
less MHC-I molecules, as they are advantageous only if they become licensed within an
individual by not binding any self MHC-I molecule.

During infections with viruses downregulating MHC-I expression (i.e. B strains), the
specificity of iNKRs plays a crucial role. If an iNKR binds the viral molecule, the
virus successfully masks MHC downregulation, and escapes the NK cell response. Since
iNKRs should learn to discriminate between self MHC-I and viral molecules, there is
selection for iNKRs binding fewer MHC-I molecules in the presence of B strains (Fig-
ure S4.1 D). The disadvantage of having specific iNKRs is that they are less likely to bind
an MHC-I in the same host, reducing the repertoire of licensed iNKRs in the host. The
selection pressure to have licensed iNKRs that can detect MHC downregulation drives
the evolution of large haplotypes, as a haplotype encoding several specific iNKRs is more
likely to contribute licensed iNKRs .

Thus, our simulations show that in order to survive an infection with different viruses
downregulating MHC-I, a single degenerate receptor pair is not sufficient. Immunity
evolves by increasing the haplotype composition with specific activating and inhibiting
NKRs.
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Figure 4.4. Evolution of NKR specificity binding when viruses evolve MHC-I mimicks.
We study the evolution of NKR specificity by comparing the binding threshold of iNKRs
and aNKRs (A) at the beginning of the infection (t1 = 10000 years) and at the end of the
simulation (tend = 3million years). (B) Fraction of MHC molecules that are recognized
with a particular complementary adjacent length Lc. The blue curve depicts the expected
frequency distribution determined by measuring the Lc between a 1000 random NKRs and a
pool of 30 MHC alleles, and repeating this experiment 1000 times. The red and black curves
represent the frequency distribution of the evolved aNKRs and iNKRs, respectively, at tend.
In both cases, the frequency distribution was determined by measuring the Lc of the evolved
NKRs to the MHC alleles in their own population, and averaging over 15 simulations. (C)
The fold change between the observed and expected frequency of MHC molecules recognized
with a given Lc of the evolved iNKRs (black) and aNKRs (red). There is no difference to the
expected values when analyzing the evolved NKRs to random MHC molecules (dashed lines).
(D) Similarity between the viral and MHC molecules, determined by the maximal adjacent
match between their bit strings. The boxplots represent the average over 15 simulations.
tcx describes the control analysis we use at the different time points. As a control, we use
randomly generated MHC molecules in (A) and randomly generated viral molecules in (D).
In (A)-(D), the boxes represent the interquartile range, and the thick horizontal lines the
median out of 15 simulations (** represent p values < 0.005, and were calculated using the
Mann-Whitney U test)
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4.2.3. iNKRs specialize to MHC molecules

The previous analysis shows that NKRs evolve to recognize a small fraction of MHC-I
molecules in the population. Since the probability of a NKR interacting with its lig-
ands, i.e. its specificity, depends on its binding threshold, we first measure the binding
threshold of aNKRs and iNKRs before (i.e. t1 = 10000 years) and after the infections
(i.e. tend = 3mio). As expected from the haplotype analysis, the binding threshold of
both receptor types increases after the introduction of the viruses (Figure 4.4 A), con-
firming the evolution of specificity.

To further analyze the specificity, we next determine the complementarity of NKRs to the
MHC-I molecules. To this end, we measure the maximal complementary adjacent match
between each evolved NKR and the 30 MHC alleles in the same population (see Mater-
ial and Methods). A random NKR is expected to bind maximally 30 % of random MHC
molecules with a maximal complementary adjacent match of 3 bits, as predicted by the
frequency distribution of MHC molecules recognized with a particular complementary
adjacent length (Figure 4.4 B, blue curve). Similarly, a random NKR should not bind
more than 5% of random MHC molecules with a maximal complementary match larger
than six. In our simulations, the frequency distribution between the evolved NKRs and
their own MHC molecules deviate from this expectation, with iNKRs recognizing more
than two-fold more MHC molecules at their evolved binding threshold (Figure 4.4 B,
black curve). Interestingly, the binding of the same evolved iNKRs to randomly gener-
ated MHC molecules does not deviate from the expected values (Figure 4.4 C), suggest-
ing that iNKRs evolve to specialize to particular MHC molecules of the population. On
the contrary, the complementarity of aNKRs to their cognate MHC molecules does not
deviate from the expectation. These results suggest that there is selection pressure for
iNKRs to specialize to particular MHC-I alleles. Indeed, carrying specialized iNKRs is
advantageous for the hosts, as it enables iNKRs to detect a diverse array of MHC alleles,
while minimizing the interactions with viral molecules.

4.2.4. Viruses evolve MHC-I mimicks

We next studied the evolution of the viruses. When analyzing the most dominant viruses,
we found that they evolve to express molecules that are similar to the MHC molecules
in the population (Figure 4.4 D), i.e. viruses evolve MHC-mimicks. The evolutionary
advantage of MHC-like molecules is large, as MHC-mimicks hamper viral detection by
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aNKRs, and impede iNKRs to detect missing self and provide protection against an MHC
downregulating virus. Even after the evolution of more specific NKRs, hosts cannot
fully adapt to the MHC-mimicks. At the end of the simulations, the iNKRs are “fooled”
by the MHC-like molecule in approximately 30% of the infections (Figure 4.3 C (sum
of protection by aNKRs and none)). Thus, self/non-self discrimination becomes more
challenging when viruses evolve MHC-mimicks.

Viral species A and B consistently evolve MHC-I like molecules in all 15 simulations,
indicating that MHC-I mimicks play a major role in their evasion of the NK cell immune
responses, irrespective of the ability of the virus to downregulate MHC. We tested this by
modeling host populations infected with viruses that are unable to mutate. These hosts
are also able to recover from the infections, yet with a different evolutionary strategy
(Figure S3).When viruses do not mutate, aNKRs can become specialized to particular
viral molecules and hence evolve a high specificity. On the contrary, iNKRs evolve
an intermediate specificity, which allows them to bind most of the MHC-I molecules
in the population. Note that viruses downregulating MHC-I are less likely to “fool”
iNKRs if their molecules cannot evolve to become MHC-like. Therefore, iNKRs do
not need to be highly specific to distinguish self from non-self in this case. Because
aNKRs become highly specific and iNKRs intermediate specific, it is much easier to
have licensed receptors, resulting in the evolution of small haplotypes. As we obtain
different results with non-mutating viruses, we conclude that viral evolution shapes the
evolution of both specificity and polygenicity in the NKR cluster.

Taken together, we show that it is beneficial for viruses to evolve MHC-mimicks, and
that populations adapt to such viruses by evolving expanded NKR clusters composed of
several specific activating and inhibiting receptors.

4.3. Discussion

The exact evolutionary advantage of the polygenicity and polymorphism within the
NKR cluster has remained puzzling. Since the detection of “missing-self” can be
achieved by monomorphic and conserved receptor ligand-interactions, the evolution of
polymorphic iNKR genes seems redundant. Even more intriguing is the unknown role
of aNKRs, for which most of the ligands have not been identified yet. In this work, we
study the evolution of NKRs in host populations infected with different viral species.
We find that viruses have a large evolutionary advantage when they evolve MHC-like
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molecules, especially if they are capable of downregulating the expression of MHC-I on
infected hosts. In turn, hosts evolve expanded haplotypes composed of various specific
aNKRs, and iNKRs that are specialized on particular MHC molecules. Thus, a polygenic
and polymorphic NKR cluster encoding for specific receptors is beneficial to cope with
co-evolving pathogens.

To model this highly complex evolutionary process, simplifying assumptions were ne-
cessary. As discussed in detail in chapters 2-3, our ABM is inspired on humans and
KIRs, which has the advantage of having realistic parameters for processes like birth and
death. However, by changing parameters, the ABM can be adapted to other species, as it
qualitatively represents a model of the evolution of the expansion of the NKR complex.
Indeed, our results hold true for different parameter settings and most of our assumptions.

Probably, the most critical assumption for our results is the asymmetry in the protection
levels, as we assume that at least one aNKR, but none of the iNKRs should bind the
viral molecule, to protect the host. We based this asymmetry on experimental data show-
ing susceptibility and protection of mice to MCMV. C57BL/6 mice are resistant against
MCMV because of their aNKR Ly49H binding the MCMV encoded protein m157, in-
dicating that one aNKR directly recognizing decoy molecules is sufficient to provide pro-
tection. Similarly, the susceptibility of 129/J mice has been related to their iNKR Ly49I
binding m157 with high affinity. This observation suggests that the contribution of one
single inhibiting receptor dominates, making the mice susceptible. The latter is surpris-
ing because those NK cell subsets that do not express iNKRs recognizing the decoy
should be able to detect missing self, proliferate, and protect its host. Whether Ly49I is
the only iNKR binding m157 remains unknown, but the data clearly demonstrates that
one iNKR-m157 interaction is sufficient for the virus to evade immunosurveillance.

The spontaneous evolution of MHC-like molecules by both types of viruses in our model
suggests that this evasion mechanism provides an evolutionary advantage for many vir-
uses. A virus expressing MHC-mimicks can avoid missing-self detection by engaging
iNKRs, and will escape from aNKR-mediated NK cell responses as aNKRs should have
low affinity for cognate MHC molecules. The few examples of CMV encoded MHC-I
like molecules (including m157, and m04 in mice, and UL18 in humans) are in line with
our findings. Given that MHC-like molecules evolve so easily in our model because of
their evolutionary advantage, it remains intriguing why only few viruses MHC mimicks
have been found in other viral species, but it is possible that these molecular mimicks are
encoded by short sequences, and are thereby difficult to identify.

The characterization of specific ligands for aNKRs has remained difficult. Even though
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some specific interactions (e.g. Ly49H/m157, or Ly19P/m04-H2k) have been identified,
the ligands for most activating KIRs remain unknown. Our model shows that it is indeed
difficult to evolve specific interactions between aNKRs and particular viral proteins as
viruses evolve rapidly, and become a moving target for aNKRs, impeding the adaptation
to particular infectious pathogens. Note that the specific interactions found in the mouse
CMV model are from particular inbred mice strains infected with one specific labor-
atory CMV strain. In outbred wild mice, Ly49H-mediated resistance is rather uncom-
mon (Scalzo et al., 2005), confirming that there is large heterogeneity in the interactions
between aNKRs and viruses.

Although iNKRs and aNKRs share a large sequence similarity in their extracellular bind-
ing domain, aNKRs do not bind the ligands of iNKRs (Gillespie et al., 2007, O’Connor
and McVicar, 2013, Saulquin et al., 2003). Studies have even shown that there is an evol-
utionary trend in humans and chimpanzees towards reducing the affinity of the aNKRs
to the HLA epitopes C1 and C2 (Moesta et al., 2010). On the contrary, inhibitory KIRs
have rather specific interactions, binding preferentially four mutually exclusive epitopes
on HLA molecules (A3/11, Bw4, C1 and C2) (Moretta et al., 1996). We show that the
specialization of iNKRs but not aNKRs on a small group of MHC-I molecules is advant-
ageous to discriminate self/non-self more efficiently.

Summarizing, the evolution of both host receptors and viral immuno-modulatory mo-
lecules is an ongoing dynamic process. We have shown that the NKR genetic complex
evolves polygenicity and specificity in response to rapidly co-evolving viruses.

4.4. Materials and Methods

4.4.1. Agent based model

The ABM consists of two types of agents, i.e. hosts and viruses, and three types of
events: birth, death, and infection. During each time step of one week, we screen all
hosts in a random order and confront them to one of the events. Hosts age over time
and their ages, infection states, and infection types are updated at the end of every time
step. This cycle is repeated for three million years to simulate long term evolution. The
model used here is based on our previously described ABMs (see Chapters 2-3). Below
is a detailed description of the extensions we implemented in the current model. The full
description and model parameters are described in Chapters 2-3.
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Bitstrings

All molecules, i.e. NKRs, MHC-I and viral proteins, are modeled with bit strings of
length L = 16. Two molecules can interact whenever the longest adjacent complement-
ary match between their strings exceeds a binding threshold Lbinding (Figure 2.1).

We create a gene pool of 30 MHC alleles which reflects the most common HLA B, and
C alleles in the European population (Meyer et al., 2007). The MHC molecules are not
completely random, and they have a hamming distance (HD) of maximal 4 bits among
each other. To create these alleles, we first create one random bit string and generate
all possible strings that have a HD = 1 to the original sequence. For each of these “first
generation mutants”, we generate again all possible strings that have a HD = 1. This
ensures that the HD is maximally 4. We randomly select 30 strings out of these “second-
generation mutants” to fill the MHC pool.

Mutations

Only NKRs and viral molecules are allowed to mutate in our model. During a mutation
event, NKRs evolve their bit string, binding threshold and signaling type. i.e. a new bit
string will be randomly generated, to which a random Lbinding will be assigned. This new
NKR can be inhibiting or activating with equal probability of 0.5. We do not model point
mutations in order to decrease computational time. Similarly, viral molecules mutate into
a new random bit string with a small probability (p = 0.0005) upon transmission to a
new host.

Viral Infections

In these simulations, we consider two viral species. Both species, A and B, express a viral
encoded molecule, representing viral proteins that are expressed on infected cells. The B
species downregulates the MHC expression in the infected host, which allows us to model
viruses like CMV, or HIV that use this mechanism to escape T cell responses (Cohen
et al., 1999, Collins et al., 1998, Gall et al., 1998, Gewurz et al., 2001, Llano et al.,
2003, Schust et al., 1998).

Viral molecules are randomly generated at the beginning of the simulation, and each
virus can express only one. We model different levels of protection depending on the
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viral strategy and its success to escape the immune response. Viral strains from the
A species do not downregulate MHC. Hence, they do not escape the adaptive immune
response, and can therefore be cleared with a high probability pA = 0.8. However, if the
host has at least one licensed aNKR binding a viral molecule of the A viruses, there is
an extra NK cell activation and we increase pA = 0.95. By downregulating the MHC
expression, viruses from the B species escape the T cell response, and have a higher
fitness than A viruses. Whether or not the host can clear the infection depends on its
repertoire of licensed NKRs. We model four scenarios for the probability of clearing
virus B:

pB,s =


0, if s = 0 (inhibition, no activation)

0.25, if s = 1 (inhibition, activation)

0.5, if s = 2 (release from inhibition, no activation)

0.70, if s = 3 (release from inhibition, activation).

(4.1)

If at least one licensed iNKR but no aNKR binds the viral molecule, the NK cells of that
host will not be activated, since the virus escapes the response of both T and NK cells
and we set pB = 0. If at least one licensed iNKR and one aNKR binds a viral molecule,
we assume that the inhibiting signal is stronger than the activating. Therefore, we set
pB = 0.25. If none of the host’s licensed NKRs binds the viral molecule, the NK cells
of that host will not have any activating signal but they will be released from inhibition,
and we set pB = 0.5. If none of the host’s licensed iNKR binds the viral molecule and
at least one aNKR does, then the NK cells are not inhibited and they receive a strong
activation signal, and we set pB = 0.7. We set this value lower than pA because the
viruses from the B species always escape T cell responses and should therefore have an
advantage over the A strains.

NK cell education

The education process of NK cells occurs during the birth event. iNKRs become licensed
if they recognize at least one of the MHC molecules in its host. aNKRs become licensed
if they do not bind any of the host’s MHC molecules within an individual. An aNKR can
only be licensed if that host has already one licensed iNKR (Figure 3.1).
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Model initialization

The model is initialized with a host population of 4500 individuals, with random ages
between 10 and 70 years. Hosts carry two MHC loci. Similarly, the initial NKR cluster
is composed of two loci, encoding for one degenerate receptor pair, i.e. one iNKR and
one aNKR, each being able to recognize all MHCs in the population. (Thus, initially
none of the aNKRs will become licensed).

4.4.2. Analysis of recognized MHC molecules

To determine the expected distribution of the maximal complementary match Lc, we gen-
erate 1000 random NKRs and measure their longest complementary adjacent match to 30
randomly generated MHC alleles. The frequency of recognized MHCs with a particular
Lc is averaged over 1000 of these “experiments”. We also perform the analysis using
30 “structured” MHC alleles, i.e. alleles generated with a maximal HD=4 as explained
above, however the distribution of expected maximal complementary match remain the
same (results not shown)

To analyze how this distribution changes after evolution, we measure the longest com-
plementary adjacent matches between NKRs and the MHC molecules at tend = 3mio.
The final distribution is the average out of 15 simulations.

We also analyze the distribution of Lc between the evolved NKRs and random MHC
molecules by measuring the Lc of a each NKR to 30 random MHC alleles, and repeating
this experiment 1000 times. Here too, the frequency distribution does not deviate from
the expected values (results not shown).
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4.6. Supplementary Information
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Figure S4.1. Populations infected with one viral strain. Single representative simulations
of a host population infected with an A virus (A)-(B) and with a B virus (C)-(D). The infec-
tion dynamics (A)-(C) show that it is more difficult for a population to clear B strains than
A strains, as shown with the total number of immune individuals (blue lines). The compos-
ition of the haplotypes at tend (B)-(D) evolve depending on the viral species infecting the
population. The haplotype composition and specificity are as described in Figure 4.2 B.
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Figure S4.2. Viral evolution shapes the evolution of the NKR complex. The figure sum-
marizes the results from simulations in which viruses are unable to mutate. (A) Single repres-
entative simulation of a population infected with both viral species. Although the initial viral
spread causes a dramatic decrease of the total population size (black line), the hosts are able
to recover fully, as shown by the increase in the immune individuals (green line). Haplotypes
of a single host population infected with both viral species (B) or with only A strains (C),
or only with B strains (D) at tend. Because the virus is unable to mutate in this simulation,
the evolved haplotypes show a different specificity than those shown in Figure 4.2 B, with
aNKRs being highly specific and iNKRs more degenerate. The composition and specificity
are as described in Figure 2 B.
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Abstract

Natural killer cell receptors (NKRs) monitor the expression of MHC class I and stress
molecules on the surface of cells to detect unhealthy tissue, such as infected or tumor
cells. The NKR gene family shows a remarkable genetic diversity, containing sev-
eral haplotypes varying in gene content and allelic polymorphism. The expansion of
the NKR genes is species-specific, with different species evolving alternative expan-
ded NKR genes, which encode structurally different proteins, yet perform comparable
functions. So far, the biological function of this expansion within the NKR cluster has
remained poorly understood.

Several viruses, including Epstein-Barr-Virus (EBV), CMV, HIV, decrease the expres-
sion of MHC-I to escape from the T cell immune response. This downregulation does
not always affect all MHC molecules in the same way, but some viruses have evolved
proteins that target only particular alleles. Since the HLA molecules presenting peptides
to T cells (A and B) tend to be downregulated, while those inhibiting NK cells (C and E)
tend to remain expressed, selective MHC downregulation seems to be a viral strategy to
avoid missing-self detection.

To study the evolution of NKRs, we have developed an agent-based model (ABM) imple-
menting an evolutionary scenario of hosts infected with herpes-like viruses that are able
to evade the immune response by selectively downregulating the expression of MHC-I
molecules on the cell surface. We show that hosts evolve specific inhibitory NKRs that
are specialized to particular MHC-I molecules in the population.
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5.1. Introduction

Natural killer (NK) cells are key players of the innate immune system, detecting and
attacking viral infected and tumor cells. To detect aberrant cells but remain tolerant to
healthy tissue, NK cells have several inhibiting and activating receptors, which tightly
regulate their cytotoxicity. The recognition of major histocompatibility complex (MHC)
class I molecules on the surface of target cells is central for NK cell mediated immune re-
cognition. Several MHC molecules are ligands for inhibitory NK cell receptors (iNKRs)
and signal NK cells to remain silent to self healthy cells. During some viral infections,
the expression of MHC molecules decreases, resulting in a lack of inhibiting signals
for the NK cell, and hence in NK cell activation (missing-self detection (Ljunggren and
Kärre, 1990)).

Several viruses, including Epstein-Barr-Virus (EBV), cytomegalovirus (CMV), and the
human immunodeficiency virus (HIV), decrease the expression of MHC-I. Interestingly,
the downregulation does not always affect all MHC molecules in the same way, and some
viruses have evolved proteins that target only particular alleles (reviewed in (Nash et al.,
2014)). HCMV encodes several immunoevasin proteins that selectively downregulate
the expression of MHC-I on the cell surface (Nash et al., 2014), such as US2 and US11,
each targeting particular HLA-A and HLA-B alleles, by promoting their export into the
cytosol for proteosomal degradation (Gewurz et al., 2001, Llano et al., 2003, Schust
et al., 1998). In addition to selective MHC-downregulation, HCMV encodes proteins
that enhance MHC-I expression to inhibit NK cells, such as UL40 having a high sequence
similarity to peptides from HLA-C alleles (Tomasec et al., 2000, Ulbrecht et al., 2000).
HIV-1 also decreases the expression of particular HLA alleles. HIV Nef binds to the
cytoplasmic tails of the HLA-A and HLA-B molecules in the ER, re-directing them to
endo-lysosomal compartments for degradation (Schaefer et al., 2008). Small differences
in the cytoplasmic tails of HLA-C and -E prevent Nef from hampering their transport to
the cell surface, which in turn prevents HIV-infected cells to be lysed by NK cells (Cohen
et al., 1999, Collins et al., 1998, Gall et al., 1998).

Since the HLA molecules presenting peptides to T cells (HLA-A and -B) tend to be
downregulated, while those inhibiting NK cells (HLA-C and -E) tend to remain ex-
pressed, selective MHC downregulation seems to be a viral strategy to avoid missing-self
detection. This “selective” downregulation can in turn shape the evolution of the NK cell
receptors, as specific inhibiting receptors with non overlapping specificities for different
MHC molecules can be advantageous to detect missing-self.
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Here, we investigate whether selective MHC downregulation can exert enough selection
pressure to drive the evolution of a polygenic and polymorphic NKR system. We develop
an agent-based model (ABM) of host populations infected with herpes like viruses caus-
ing chronic infections. Our simulations show that NKRs readily evolve specificity for a
single MHC loci. The evolution of these “MHC locus specific” detectors depends on the
structure of the MHC molecules, i.e. how similar they are to each other.

5.2. Results

5.2.1. Agent Based Model

To study the evolution of NKRs in a host population, we developed an ABM based on
our previously described models (see Chapters 2 and 3). Briefly, the host population
consists of simplified humans infected with non-lethal viruses causing chronic infec-
tions. The hosts are diploid, carrying two polymorphic MHC loci and an NKR cluster.
Of note, we only model inhibitory NKRs (iNKRs) in this work, as only iNKRs are in-
volved in missing-self detection. iNKRs and MHC molecules are modeled with random
sequences of zeros and ones (i.e. bit strings) as a simplified representation of amino
acids. Whenever the longest adjacent complementary match between two strings ex-
ceeds a binding threshold, the molecules can interact. We model two different groups of
MHC molecules, henceforth referred to as MHC-X and MHC-Y. The molecules within
each MHC group are somewhat similar to each other, and we vary the hamming dis-
tance (HD) of the molecules within one group between 2, 4, 6, and 8 (see Material and
Methods).

Initially, all hosts carry the same randomly generated NKR cluster, which is composed of
one gene (i.e. we initialize the populations with homozygous individuals). This iNKRis
degenerate, i.e. it can recognize every MHC molecule in the population. Upon birth,
individuals inherit one NKR haplotype from each parent. During this process, NKRs
can mutate their sequence, and their binding threshold (L), allowing for the emergence
of novel receptors. If a newly generated receptor is so specific that it fails to recognize
any MHC molecule in the population, it will be a pseudogene. In these simulations, the
maximal number of NKRs that we allow per host is 5 genes per haplotype. We focus on
the evolution of NKRs, and therefore fix the initial polymorphism of the MHC-X and -Y
molecules throughout the simulations.
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During development, NK cells undergo an education process during which their react-
ivity is “tuned”. The general consensus is that the binding of iNKRs with their cognate
MHC molecules render these NK cells functional capacity (Anfossi et al., 2006, Chali-
four et al., 2009, Elliott and Yokoyama, 2011). We implement this process at birth by
evaluating the binding of iNKRs with their MHC ligands in the host. For simplicity, we
do not model individual NK cell subsets, but estimate the total repertoire of “licensed”
receptors per host. In each host, the repertoire of licensed receptors consists of iNKRs
binding at least one of the host’s MHC molecules. In our model, only licensed NKRs
participate during an immune response, assuming that at least one NK cell subset will
express at least one licensed receptors, and will become activated and expand upon in-
fection.

We model two viral species causing chronic infections (viral species A and B). Both
viral species can escape the cytotoxicity of T cells by downregulating the expression of
the MHC I molecules on the surface of the infected cells. Hereby, the downregulation is
specific to each locus, i.e. virus species A downregulates the MHC-X molecules in the
host, while virus B downregulates the host’s MHC-Y molecules.

Upon transmission, the host will enter a phase of acute infection, after which it can
either recover or become chronically infected. Individuals clearing an infection become
immune against that particular viral species for a period of ten years. Hosts can be co-
infected with both viral species..

The probability of clearing the infection depends on the interactions between the iNKRs
and the expressed MHC-I molecules in the host. For a virus to be cleared, the licensed
repertoire of iNKRs must be able to detect MHC downregulation. If a virus downregu-
lates the MHC X molecules, and all licensed iNKRs interact with the MHC Y molecules,
the NK cells will have sufficient inhibition, and will not be able to detect the altered MHC
expression. But if at least one licensed iNKR binds none of the expressed MHC Y mo-
lecules, the NK cell carrying that receptor will loose an inhibiting signal when MHC-X
is downregulated, become activated, and provide protection (illustrated in Figure 5.1).

In a typical simulation, both viral species are introduced after the population has sta-
bilized (t1 = 10000 years). Very rapidly, the viruses spread through the population,
infecting almost every individual, and causing a drastic reduction of the population size
(Figure 5.2 A, black line). After approximately 200 host generations, individuals that are
immune to each or both viral strains evolve (Figure 5.2 A, cyan, blue and green lines),
causing a rapid recovery of the total population size. These results suggest that the ini-
tially susceptible host population evolves an NKR system providing immunity to both
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types of infections.

MHC-X

licensed 
iNKR

Healthy cell

NK cell

MHC-Y
Virus infected 

cell

no protection
pcl = 0

protection
pcl = 0.6

Figure 5.1. Model cartoon of the protection after infection with an MHC-
downregulating virus. An iNKR becomes licensed if it binds at least one MHC molecule
in the host. In this example, the iNKRs is licensed by binding the MHC-X molecule in that
host. The virus downregulates the expression of all MHC-X molecules. The infection can be
cleared with a probability pcl = 0.6 if and only if the licensed iNKR fails to bind all MHC-Y
molecules in that host.

5.2.2. Specific iNKRs protect hosts from (viral) infections

To study how the evolution of iNKRs allows the host population to recover, we next
analyze the iNKRs before and after a evolutionary long period (Figure 5.2 B). The initial
haplotype composed of one degenerate iNKR recognizes all MHC-I in the population,
covering the entire space of both MHC-X, and -Y molecules. After the introduction of
the viruses, there is selection for more specific iNKRs, as shown by the increase of their
binding threshold L. As more specific iNKRs evolve, the number of immune individuals
increases, indicating that the expansion of these specific iNKRs is necessary for the hosts
to clear the infection.

Because of their higher specificity, the evolved iNKRs are expected to recognize fewer
MHC molecules than the initial degenerate receptor. Interestingly, some iNKRs are still
able to recognize most of the MHC-I molecules within one locus, despite their higher spe-
cificity (Figure 5.2 B). For example, at t = 600000, there is one iNKR recognizing all 15
MHC-X molecules, while binding none of the MHC-Y molecules. This specialization to
the MHC-I loci allows the host to successfully detect the selective MHC-downregulation.

In our model, two processes are crucial in determining NK cell mediated protection.
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Figure 5.2. The evolution of MHC-X and MHC-Y detectors leads to an increase in im-
munity. A. Representative simulation of a host population infected with both viral species.
After their introduction at t1 = 10000, the viruses spread rapidly through the population,
infecting most individuals and causing a drastic decrease of the total population size (black
line). Most hosts are chronically infected with both viruses simultaneously (red line). After
several host generations, some hosts evolve immunity to viruses downregulating MHC-X
molecules but remain chronically infected with viruses downregulating MHC-Y (blue line).
Shortly afterwards, other individuals become immune to viruses downregulating MHC-Y
molecules while being chronically infected with viruses downregulating MHC-X (cyan line).
Finally, hosts that are able to clear both viruses evolve (green line), resulting in a recovery of
the population. B. MHC coverage per iNKR and average binding threshold (L) at different
time points (snapshots taken from the video provided in the Supporting Information). Each
iNKR is depicted by one circle the size of which represents its frequency in the population.
The position of each circle shows how many MHC-X and MHC-Y molecules in the popu-
lation each iNKR can recognize. C. Clusters of iNKRs at different time points according
to the iNKR-MHC-I binding matrix. We cluster both rows (MHC molecules) and columns
(iNKRs), by using the Manhattan measure of distance and the Ward clustering algorithm.
The heat map colors represent the iNKR-MHC-I binding; red illustrating binding and yellow
no binding. The MHC molecules in this simulation were modeled with a hamming distance
(HD) of two.

First, an iNKR must be licensed to participate in an immune response. Second, the li-
censed receptor should be able to detect missing-self. For an iNKR to become licensed,
it must recognize as many MHC molecules as possible in the population. For instance,
an iNKR binding all MHC-X molecules in the population will get licensed in every
host. However, during an infection with a virus downregulating MHC-X, the licensed
iNKR will only detect missing-self if it fails to recognize all MHC-Y molecules. There-
fore, an “MHC-X detector” (i.e. an iNKR recognizing more MHC-X than Y molecules)
is protective against viruses downregulating MHC-X molecules. Similarly, an MHC-Y
detector is protective against MHC-Y downregulating viruses.

We further study the evolution of MHC-X and MHC-Y detectors by clustering the iNKRs
according to their binding to all MHC-I molecules in the population (Figure 5.2 C). Our
analysis reveals that after a long evolutionary period most iNKRs specialize to the MHC
loci, having little overlap in the detection of MHC-X and MHC-Y molecules. Taken
together, our results show that viruses downregulating selective MHC loci drive the evo-
lution of iNKRs that are specific for different MHC-I loci.
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5.2.3. Specialization to the MHC-I groups depends on the similarity
of the MHC molecules

So far we analyzed results are from simulations with highly similar MHC molecules (i.e.
MHC molecules having HD=2). To analyze how our results depend on the structure of
the MHC molecules within each locus, we perform several simulations with a HD of 4,
6, and 8. Additionally, we carry out one set of simulations with totally random MHC
molecules.

Regardless of the structural similarity of the MHC molecules, the initially susceptible
host populations recover from the infection after a long evolutionary period. However,
there are small differences in protection: populations having highly similar MHC mo-
lecules (i.e. HD = 2) recover better than those with random MHC molecules (Fig-
ure 5.3 A-B). Similarly, although all host populations evolve more specific iNKRs ir-
respective of the HD, the evolution of specific MHC detectors is more difficult as the
similarity of the MHC molecules decreases (Figure 5.3C-F). Host populations carrying
highly similar MHC-I molecules (i.e. HD=2) evolve four distinct clusters of iNKRs: a
large one of MHC-Y detectors (cluster I in Figure 5.3 C), a small cluster of highly specific
receptors (recognizing few MHC-X and -Y molecules, cluster II), a small cluster of de-
generate receptors (cluster III), and a large cluster of MHC-X detectors (cluster IV). With
decreasing similarity (i.e. increasing HD among MHC molecules), the distinction of the
clusters becomes less clear (Figure 5.3 D-E). In simulations with random MHCs the clas-
sification of X or Y detectors disappears (Figure 5.3 F). In these cases, iNKR evolve still
a high specificity, binding only a few molecules of each group. However, the “excellent”
X or Y detectors no longer evolve. Because of the absence of excellent X and Y de-
tectors, host populations carrying random MHCs are not able to recover as well as those
having MHC molecules with HD = 2 (Figure 5.3 A,B).

These results were consistent for all 15 simulations we performed (n=15), showing that
iNKRs become specific as a result of the selection pressure imposed by the virus. How-
ever, the specialization to the MHC loci occurs only if the latter have a structure that the
iNKRs can adapt to (compare Figure 5.3 F with 5.3 C-E).

In all these simulations, the host populations evolve a similar binding threshold, L, re-
gardless of the similarity among their MHC-I molecules. This is a surprising observation
because it indicates that the binding threshold is not the only factor mediating specificity
and specialization of iNKRs to particular MHC molecules. To analyze the NKR spe-
cificity further, we next determine the complementarity of iNKRs to the MHC-X and
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MHC molecules. Legend on the next page.
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Figure 5.3. Evolution of MHC-X and MHC-Y detectors depends on the similarity of
the MHC molecules. Panel A depicts the average population size out of 15 simulations at
the carrying capacity (k), immediately after the infection (i.e. t1 = 10000) for HD 2, and
at tend, for simulations considering different similarity in the MHC molecules. As a control,
we simulate populations infected with both viruses, where the probability of clearing the
infection does not depend on the iNKR-MHC interactions (i.e. pcl is always 0.6). After a long
evolutionary period, all populations evolve immunity. However, the recovery was slightly
higher in those simulations considering highly structured MHC molecules (more visible in
B). Panels C-F show the MHC coverage per iNKR and the average binding threshold (L)
at tend out of all 15 simulations. Each host population has a different degree of MHC-I
similarity, with HD = 2 (C), HD=4 (D), HD=6 (E), and completely random MHC molecules
(F). Each iNKR is depicted by one circle, the size of which represents its frequency in the
population. The position of each circle shows how many MHC-X and MHC-Y molecules in
the population each iNKR can recognize. Note that the diagonal is only avoided in Panels
C-E, i.e. if there is no pattern in the MHC-X and -Y molecules, there is no evolution of X
and Y detectors.

MHC-Y molecules.

To have an expectation for the complementarity between iNKRs and MHC molecules, we
generate a thousand random iNKRs and measure their longest complementary adjacent
match (Lc) to randomly generated MHC molecules (see Material and Methods and Fig-
ure 5.4 A-C blue lines). This analysis reveals that a random NKR is expected to bind 30 %
of random MHC molecules with a maximal complementary adjacent match of 3 bits, and
no more than 5 % of random MHC molecules with a maximal adjacent complementary
match of 6 bits. We next determine the distributions of the evolved iNKRs in our simula-
tions by measuring the longest complementary adjacent match between each evolved X
and Y detectors and the MHC-X and -Y molecules in the same population. The frequency
distributions ofLc between the evolved iNKRs and the MHC-X and -Y molecules deviate
from the expected distribution: the distribution of X detectors to MHC-X molecules is
shifted to the right (Figure 5.4 A, black curve), indicating that X detectors evolve a high
complementarity to MHC-X molecules. At the same time, the distribution of X detectors
to MHC-Y molecules is shifted to the left (Figure 5.4 A, red curve), suggesting that X
detectors loose complementarity to MHC-Y molecules. Indeed, at their evolved binding
threshold, X detectors recognize more than two-fold more MHC-X molecules and less
than half MHC-Y molecules than expected. Similarly, MHC-Y detectors evolve high
complementarity to MHC-Y molecules (Figure 5.4 B, red curve), while losing affinity to
MHC-X molecules (Figure 5.4 B, black curve).

The deviation from the expected complementarity depends on the similarity of the MHC
molecules. In simulations with less similar MHC molecules (e.g. HD=6, Figure 5.4 C-
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Figure 5.4. Evolution of NKR binding affinity depends on the similarity of the MHC
molecules. We study the evolution of the binding affinity by comparing the complementarity
of iNKRs to their MHC-I molecules. Panels A-D depict the fraction of MHC molecules that
are recognized with a particular complementary adjacent length Lc. The blue curve describes
the expected frequency distribution determined by measuring the Lc between 1000 random
NKRs and a pool of random MHC molecules, and repeating this experiment 1000 times. The
black and red curves represent the frequency distribution of the evolved iNKRs to MHC-X
and MHC-Y molecules, respectively, at tend. The frequency distribution was determined by
measuring the Lc of the evolved MHC-X detectors (A,C) and MHC-Y detectors (B,D) to the
MHC-X and MHC-Y molecules in their own populations, and averaging over 15 simulations.
Panels A-B show simulations considering very similar MHC molecules (i.e. HD=2), and
panels C-D show simulations with less similar MHC molecules (i.e. HD=6). The sum of
squared residuals (SSR) from the observed complementarity distributions to the expected Lc

distribution is summarized for X detectors (E) and Y detectors (F) for all 15 simulations
performed per setting.
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D), the evolved receptors still specialize to their MHC molecules, albeit with lower com-
plementarity. To quantify the difference to the expected distribution, we calculate the
sum square residuals (SSR) in each simulation (Figure 5.4 F-G). The higher the simil-
arity of the MHC molecules, the more challenging it is for an iNKR to specialize to
one MHC locus. Therefore, the complementarity distribution hardly deviates from the
expected distribution with an increasing HD (e.g. HD = 8). The SSR is zero in those
simulations considering random MHC molecules.

Taken together, our results show that iNKRs evolve specificity to detect viruses downreg-
ulating particular MHC-molecules. However, the iNKRs specialization to the different
MHC loci depends on the structure of the MHC molecules. If the MHC molecules within
one locus share a structural motif, iNKRs become complementary to one MHC-I locus,
while losing capacity to bind molecules of the other locus.

5.2.4. Similarity of the MHC molecules shapes the evolution of
NKR diversity

We next analyze the genetic diversity that evolves in our simulations. As a measure of
genetic diversity we use the Simpson’s reciprocal index (SRI). The SRI is a measure of
diversity that can be interpreted as the probability that two random genes from two ran-
dom hosts in the population are identical (Simpson, 1949). We measure the diversity of
the different NKR haplotypes (Figure 5.5 A) and of the genes (Figure 5.5 B) that evolve
after one million years of evolution. In all simulations, more genes evolve as a result of
the selection pressure exerted by the viruses. Indeed, at least two iNKRs (one binding
all X molecules, and another one binding all Y molecules) are necessary for an optimal
missing-self detection. In populations with highly structured MHC molecules (i.e. HD
= 2) these optimal X and Y detectors readily evolve, resulting in little selection for poly-
genicity and polymorphism.

In contrast, the selection for diversity increases in simulations when MHC molecules
have a vague structural motif. In this case, iNKRs evolve a high specificity to detect
the particular MHC-molecules that have been selectively downregulated. However, a
very high specificity hampers their licensing process. Individuals carrying two different
haplotypes (e.g. 10 different genes per individual) increase their chances of having at
least one licensed iNKR, as they have a higher probability of recognizing one of the four
MHC molecules in that same host. This heterozygote advantage in populations with less
structured MHC molecules drives the evolution of a larger genetic diversity.
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5.3. Discussion

The functional relevance of the remarkable genetic diversity of NKRs remains intriguing.
In this work, we investigate the evolution of NKRs in host populations that are infected
with viruses that downregulate non-overlapping MHC-I molecules. We find that this
selective MHC downregulation drives the evolution of specific iNKRs, which can spe-
cialize to the different MHC loci if the MHC molecules in one locus share structural
motifs.

In order to develop an understandable model of a complex evolutionary process, simpli-
fying assumptions were necessary. Therefore, we ignore the synergy between NKRs or
the direct interaction between immune cells, and focus here only on the NK mediated im-
mune response. Furthermore, we consider a global NKR repertoire composed of iNKRs
only. Although the role of activating receptors and their genetic diversity is equally fas-
cinating, we did not include them here, as they are not involved in the recognition of
missing-self.

Several hypothesis have been proposed to describe the factors affecting the evolution
of NKRs, including reproduction success (Parham and Moffett, 2013) and viral evasion
strategies (Lanier, 2008, Sun and Lanier, 2009). Probably, the most intuitive explanation
is that NKRs must be able to detect decreases in the expression of MHC molecules on
the cell surface, particularly when viruses target specific non-overlapping MHC-I mo-

108



5.4 Materials and Methods

lecules. We show that if MHC molecules share structural similarity, iNKRs can readily
evolve the ability to recognize them. These findings are in line with the at least four
structural motifs known to be main ligands for inhibiting KIRs (A3/A11, Bw4, C1, and
C2) (Trowsdale et al., 2001), indicating that optimal detectors of these common MHC
structural motifs have indeed evolved. According to our model, the specialization to
these different MHC loci can exert selection pressure to evolve novel NKRs, providing
thus a plausible explanation for the polygenicity and polymorphism of NKRs.

However, the degree of genetic diversity we observe in this study is limited. Indeed,
in Chapters 2 and 3 we have previously shown that the selection pressure driven by
viruses encoding MHC-like molecules (i.e. MHC “decoys”) has a larger effect on the
evolution of NKRs. Host populations require a lager NKR specificity to clear decoy-
encoding viruses, which in turn exerts a stronger selection pressure on the NKRs. This
suggests that the evolution of NKRs is subject to many more processes than only one
viral immunoevasive mechanism.

Summarizing, we have shown that selective MHC downregulation drives the evolution of
specific NKRs. However, the evolution of optimal MHC-loci detectors does not require
an extensive degree of genetic diversity. Therefore, selective MHC downregulation is
unlikely to be only explanation underlying the extensive genetic diversity observed in the
NKR families.

5.4. Materials and Methods

5.4.1. Agent based model

The ABM consists of two types of agents, i.e. hosts and viruses, and three types of
events: birth, death, and infection. During each time step of one week, we screen all
hosts in a random order and confront them to one of the events. Hosts age over time and
their ages, infection states, and infection types are updated at the end of every time step.
This cycle is repeated for three million years to simulate long term evolution. The model
used here is based on our previously developed ABMs (see Chapters 2, and 3). Below is
a detailed description of the extensions we implemented in the current model. The full
description and model parameters are described in Chapters 2, and 3.
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MHC molecules

We create two gene pools of 15 MHC molecules each which reflects the most common
HLA B, and C alleles in the European population (Meyer et al., 2007). We perform
simulations differing in the similarity of their MHC molecules. In the structured simula-
tions, MHC molecules can have a hamming distance (HD) of maximal 2, 4, 6, or 8 bits
to each other. To create the MHC molecules with HD = 2, we first create one random bit
string and generate all possible (16) strings that have a HD = 1 to the original sequence.
We take all of these strings and fill the pool of MHC X molecules. The pool for the Y
molecules is filled similarly, yet with a different randomly generated bit string. For the
populations with MHC molecules with HD = 4, we repeat this procedure: for each of
the “first generation mutants” (i.e. those with HD = 1 to the original, HD = 2 to each
other), we generate again all possible strings that have a HD = 1. This ensures that the
HD between the strings in the second generation is maximally 4. We randomly select 15
strings out of these “second-generation mutants” to fill one MHC pool. Accordingly, we
chose 15 strings from the “third-generation mutants”, and from the “fourth-generation
mutants” to fill the MHC pools with HD=6, and HD=8, respectively. For the simulations
with random MHC molecules, each gene pool is filled with 15 randomly generated bit
strings.

Viral Infections

In these simulations we consider two viral species. Both species, A and B, downregulate
the MHC expression in the infected host, but species A downregulates the molecules in
the MHC-X locus, whereas species B downregulates those in the Y locus. Viruses do not
evolve in this model. The infection will be cleared with a probability pcl depending on the
interactions of the licensed iNKRs with the expressed MHC-I molecules. If a virus down-
regulates all MHC-A molecules, and the iNKRs binds none of the MHC-B molecules, the
NK cell will perceive a reduced inhibiting signal, resulting in a successful missing-self
detection. In this case, the infection is cleared with pcl = 0.6 (see Figure 5.1).

Model initialization

The model is initialized with a host population of 4500 individuals, with random ages
between 10 and 70 years. Hosts carry two MHC loci, each of them encoding two genes
from the MHC-X gene pool, and two genes from MHC-Y pool, respectively. The initial
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host population is homozygous for NKRs, carrying a NKR haplotype composed of two
copies of one degenerate iNKR, i.e. an iNKR being able to recognize all MHCs in the
population.

5.4.2. Clustering of NKRs

We use a (n × m) matrix A to describe the binding of all n iNKRs and m MHC-I
molecules in the population. If the i-th iNKR binds the j-th MHC-I molecule, the entry
of the matrix Aij will be one, otherwise Aij will be zero. We cluster the iNKRs and the
MHC-I molecules according to this binding matrix by clustering both rows and columns.
We use the Manhattan measure of distance and the Ward clustering algorithm.

5.4.3. Analysis of recognized MHC molecules

To determine the expected distribution of the maximal complementary match Lc, we
generate 1000 random NKRs and measure their longest complementary adjacent match
to randomly generated MHC molecules. The frequency of recognized MHCs with a
particular Lc is averaged over 1000 of these “experiments”.

To analyze how this distribution changes after evolution, we measure the longest com-
plementary adjacent matches between iNKRs and the MHC-A, and MHC-B molecules
after one million years of evolution. An iNKR is classified as an MHC-X detector if it
binds to more MHC-X molecules than MHC-Y molecules at its evolved L. Similarly,
MHC-Y detectors are those iNKRs that recognize a larger number of Y molecules than
X molecules. The rare set of iNKRs recognizing the same number of X and Y MHC
molecules are classified as neutral receptors and are excluded from this analysis. The
final distribution is the average out of 15 simulations.

We also analyze the distribution of Lc between the evolved iNKRs and random MHC
molecules by measuring the Lc of each iNKR to random MHC molecules, and repeat-
ing this experiment 1000 times. This frequency distribution does not deviate from the
expected values (results not shown).
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Abstract

The activity of natural killer (NK) cells is tightly regulated by inhibiting and activating
receptors. Particularly, inhibitory killer immunoglobulin-like receptors (iNKRs) survey
the peptide-HLA complexes expressed on the surface of target cells. The binding of
iNKRs has been shown to be sensitive to the peptide presented by HLA-I, implying that
iNKRs have the ability to recognize changes in the peptide-HLA repertoire, which may
occur during viral infections. To study how the peptide repertoire changes upon infection,
and whether an iNKR is able to detect these changes, we combine a mathematical model
with data analysis of cells prior and after infection with measles virus. Our study reveals
that most changes in the repertoire of iNKR ligands are caused by the altered expression
of self-peptides. Additionally, we show that an iNKR can detect changes in the presented
peptides only if it is sufficiently specific. This required specificity subsequently exerts a
selection pressure for the evolution of diverse iNKRs.
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6.1. Introduction

Natural killer (NK) cells are key players of the innate immune response. Their activ-
ity is tightly regulated by several germline encoded inhibiting and activating receptors,
including the highly polymorphic killer immunoglobulin-like receptors (KIRs) which in-
teract with the classical HLA class I molecules expressed on their target cells. Due to
a dominance of inhibiting over activating signals, healthy cells do not initiate NK cell
cytotoxicity. However, virus-infected or malignant cells may either up-regulate ligands
for activating receptors (“induced self detection”) or down-regulate ligands for inhibiting
receptors (“missing self detection”), thereby inducing NK cell activation and target cell
lysis (Ljunggren and Kärre, 1990, Raulet and Vance, 2006).

Unlike T cell receptors, inhibiting KIRs (iNKRs) are not highly specific for particular
peptide-MHC (pMHC) complexes. Instead, they recognize subsets of HLA molecules
sharing structural motifs, including the four mutually exclusive epitopes on HLA alleles:
A3/11, Bw4, C1, and C2 (Moretta et al., 1996). However, several studies have shown
that iNKRs are also sensitive to the peptides bound by HLA molecules (Fadda et al.,
2010, Hansasuta et al., 2004, Malnati et al., 1995, Peruzzi et al., 1996, Rajagopalan and
Long, 1997, Thananchai et al., 2007). Crystal structures of KIR2DL1 and KIR2DL2 in
complex with their HLA-C ligands further supported this observation by revealing that
specifically positions 7 (P7) and 8 (P8) of the MHC bound peptide are in direct contact
with residues of the inhibitory KIR (Boyington et al., 2000, Brooks et al., 2000, Fan et al.,
2001, Li and Mariuzza, 2014). This suggests that NK cell activation may be regulated
in a peptide dependent manner. Indeed, MHC-peptide complexes that have weak or no
binding to iKIRs can efficiently reduce KIR-mediated inhibition (Cassidy et al., 2014,
Fadda et al., 2010). Recent studies also show that sequence variations within HLA-C
restricted HIV epitopes have a large impact on the binding of inhibiting KIR2DL2, with
some peptides enhancing and others disrupting the binding, and with it the inhibition of
NK cells (Fadda et al., 2012, van Teijlingen et al., 2014).

The previous mentioned studies clearly underline potential functional consequences of
the peptide in KIR-MHC binding, and thereby in NK cell regulation. This calls for an ex-
tension of the current model of NK cell activation: “induced” or “missing self” detection
should be complemented by “altered self”, where changes in the MHC-I peptide reper-
toire modulates the NK cell signaling. MHC bound peptides can promote KIR mediated
activation either by binding stronger to activating KIRs, or by abrogating inhibiting sig-
nals. Alternatively, particular peptides could enhance the binding of iKIRs to the MHC,
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resulting in a stronger inhibiting signal. If viruses had the ability to encode peptides
that increase the iNKR-MHC binding, they would escape from NK cell activation (Alter
et al., 2011, Fadda et al., 2012, van Teijlingen et al., 2014).

In this study we will address two questions. First, is it likely that iKIRs can detect
changes in the peptide repertoire bound to MHCs? And secondly, can this “peptide sens-
itivity” provide an explanation for the high polymorphism observed in the KIR gene fam-
ily? To investigate the possibility of NK cell regulation via altered peptide repertoires,
we analyze how the iNKR-ligands change after infection with measles virus (MV) us-
ing peptide elution data from cells prior and after infection with this virus. Our analysis
shows that iNKRs need to be specific to detect changes in the peptide repertoire, and that
this required specificity might be sufficient to select for iNKR diversity.

6.2. Results

6.2.1. How do iKIR ligands change after a viral infection?

It is natural to think that the MHC presented peptide repertoire changes during a viral
infection. Although several studies have tried to address this issue (Wahl et al., 2010),
there are no quantitative estimates of the changes of iNKR ligands upon infection. There-
fore, we make use of recent data that has been obtained in a collaboration with the group
of Schellens et al. (Schellens et al., 2014). In this study, peptide-HLA complexes were
purified from four B lymphoblastoid cell lines (BLCLs), after which acid elution was
applied to separate the peptides from their HLA molecules. All BLCLs were left un-
infected, or were infected with MV. To isolate the HLA-peptide complexes, the authors
used an antibody specific for HLA molecules, having a comparable affinity for all three
major HLA class I molecules (HLA-A, -B and -C). As a result, the HLA assignment of
the eluted peptides was unknown, and peptide-HLA binding affinity prediction programs
(i.e. NetMHC) were used to determine which of the HLA class I molecules expressed by
BLCLs most likely presented the identified peptides. By using this approach, the number
and abundance of self and viral peptides associated to particular HLA-alleles could be
determined. The results are summarized in Table 6.1 and Figure 6.1.

There is a large variation in the change of the peptide pools after the infection with MV.
While there is an increase in the number of eluted peptides after the infection in BLCLs
1053 and 1112, in BLCLs 1090 and 1077 the total peptide abundance decreases after
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Figure 6.1. Abundance of self and viral peptides. In panel A the bars depict the total copy
number of eluted self peptides in uninfected (Tu) and MV infected BLCLs (Tv), as well as
the abundance of viral peptides (Ti). Panel B depicts the copy number of potential ligands for
iKIR, i.e. those peptides that are restricted to HLA alleles expressing any of the four motifs
A3/A11, Bw4, C1, and C2. In half of the four cell lines, the total number of peptides (i.e. Ti

plus Tv) increases after MV infection. Data adopted from (Schellens et al., 2014).

MV infection (Figure 6.1 A). Of note, the majority of peptides were derived from self
proteins, whereas only very few peptides were derived from viral proteins. Since the main
ligands for iNKRs include at least four motifs, i.e. A3/A11, Bw4, C1, and C2 (Trowsdale
et al., 2001), we performed a second analysis of only those peptides that are presented
by the HLA molecules carrying any of these four structural motifs (Figure 6.1 B). The
distribution of these restricted peptides is very similar to that of all peptides, suggesting
that the ligand concentration of iNKRs would increase in two out of the four cell lines
studied here, and decrease in the other two.

6.2.2. iKIRs can detect decreases in ligand concentration if they
have sufficient specificity

The observation of an increased peptide/ligand concentration after MV infection suggests
that some iNKRs could receive an even stronger inhibiting signal, hampering NK cell
activation. Note however that different iNKRs will recognize different subsets from all
these peptides. If there was one iNKR detecting a decrease in its set of ligands, the NK
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cells carrying this iNKR would receive a reduced inhibiting signal and could become
activated. Thus, the probability of a single iNKR detecting a decrease of ligands should
determine whether or not there could be an NK cell response.

To study “altered-self” recognition, we develop a simple mathematical model that con-
siders how the iNKR ligand pool changes upon infection, and estimates the chance of
an iNKR detecting these changes. First, we estimate the probability of a peptide be-
ing a iNKR ligand. Given that iNKRs are in contact with P7 and P8 of the presented
peptide (Boyington et al., 2000, Brooks et al., 2000, Fan et al., 2001, Li and Mariuzza,
2014), and there can be 20 amino acids per position, an iNKR distinguishing between any
pair of amino acids in those positions will recognize a particular peptide with a chance
p = 1/400. Therefore, the probability that i out of a pool of n unique peptides form a
set of iNKR ligands can be described with the following binomial distribution:

P (i) =

(
n

i

)
pi(1− p)(n−i). (6.1)

With this model, we can analytically determine the probability distribution of an indi-
vidual iNKR binding i self peptides before MV infection (Pu(i)), binding i self peptides
after MV infection (Pi(i)), and binding i viral peptides (Pv(i)) for each cell line (Fig-
ure 6.2). Moreover, for every value of i (i.e. from i = 0 to i = n) we can obtain the
corresponding ligand density that an individual iNKR can bind in the set. Using the
total abundance of peptides T as described in Table 6.1, this density can be expressed as
i× T/n. Hereby, we assume that all unique peptides are presented at equal frequencies.

To compute these probability distributions and the corresponding ligand densities, we
use the values of unique peptides, n, and total abundance, T , as shown in Table 6.1,
thereby including all peptides, and not only those restricted to HLA-A3/A11,- Bw4, -C1
or -C2 alleles. We include all peptides for two reasons. First, the changes in the number
of peptides upon infection between all peptides and those restricted to HLA-A3/A11,-
Bw4, -C1 or -C2 are similar (Figure 6.1). Second, in BLCL 1077, no viral peptides are
presented by HLA molecules expressing these four HLA epitopes. Thus, despite having
an overestimation of the number of peptides, the incorporation of all peptides allows us
to model a more general scenario, comprising changes in the ligand repertoire induced
by both self and viral peptides. The probability distribution before MV infection predicts
that, at a specificity p = 1/400, an iNKR will most likely recognize between one and
nine unique self-peptides as ligands (Figure 6.2 A). After the infection, an iNKR is likely
to detect between one and six self-peptides (Figure 6.2 B). However, because the number
of unique viral peptides is very low compared to that of self-peptides, the distribution of
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iNKR detecting viral ligands is skewed, indicating that an iNKR will at most recognize
one unique viral peptide with a probability of 0.1 (Figure 6.2 C).

To estimate how the abundance of iNKR ligands changes after MV infection, we next
sample from each of these distributions, and compare in each sample whether the num-
ber of ligands sampled from Pu(i), i.e. in uninfected cells, is larger, or smaller, than
the abundance of ligands obtained after sampling from Pi(i) and Pv(i), i.e. after the
infection. We repeat this procedure 10000 times for all four BLCLs to robustly estimate
the chance of one random iNKR detecting a decrease of ligands after the infection (Fig-
ure 6.3). As expected, the abundance of iNKR ligands decreases in BLCLs having a de-
creased peptide presentation after infection, i.e. BLCL 1090 and 1077 (Figures 6.3 C,D).
In these cell lines, at least 75 % of the sampled iNKRs detect a lower number of lig-
ands (pie charts in Figures 6.3 C,D). Interestingly, subsets of iNKRs can also detect de-
creases in their ligands in BLCLs 1053 and 1112, even though these cell lines have an
enhanced peptide presentation after MV infection (Figures 6.3 A,B). The most striking
case is BLCL 1112, whereby one third of the iNKRs are expected to detect a decrease
in their ligands. Altogether, these results suggest that highly specific iNKRs have the
ability to detect decreases in their ligands, even if the amount of presented peptides after
infection increases.

Until now, we have considered the maximal specificity of iNKRs, i.e. that they can
discriminate between any pairs of amino acids in P7 and P8 (i.e. p = 1/400). iNKRs
are probably less specific and could, for instance, recognize groups of amino acids (e.g.
non polar, polar, basic and acidic) in P7 and P8. If there were indeed four such amino
acid groups, the chance of any peptide becoming an iNKR ligand would increase (p =

1/16). Our sampling model shows no major changes when decreasing the specificity to
p = 1/16, and subsets of iNKRs are still able to detect changes in the ligand repertoire
after the infection in all BLCLs (results not shown). To have an estimate of the actual
iNKRs specificity, we adopt data published by Fadda et al (Fadda et al., 2010), where
the binding of KIR2DL2, KIR2DL3, and KIR2DS2 to HLA-C-peptide complexes was
studied. Out of 59 peptides where amino acids in P7 and P8 form a unique pair, 13 were
described as KIR binders (Supplementary Table 1 in (Fadda et al., 2010)), suggesting that
the probability of an iNKR recognizing a peptide as a ligand is approximately p = 0.2.
For this specificity, iNKRs can no longer detect “altered-self” in cells presenting a larger
number of peptides during viral infections (Figure 6.4). In BLCL 1053, one third of
the sampled iNKRs detect a decrease in the ligand density, whereas none of the iNKRs
detects a decrease in ligands in BLCL 1112. Thus, in cells with an enhanced peptide
presentation after a viral infection, subsets of iNKRs can only be sensitive to decreases

120



6.2 Results

in the ligand repertoire, if they are more specific than estimated by Fadda et al. (compare
Figure 6.3 with Figure 6.4).

6.2.3. Sequence based analysis of iNKR ligands

In our model the identity of peptides before and after the infection is assumed to be
independent. However, the presentation of some self-peptides might not change at all
after the infection. Indeed, there is an overlap of at least 40 % among the self peptides
presented before and after MV infection (see Table 6.1). To study the actual change of
iNKR ligands in the experimental data set, we performed a sequence based analysis of
the eluted peptides before and after the infection. We first analyze the 9-mers among the
peptides presented by HLAs carrying either the A3/A11, Bw4, C1 or C2 motif. We then
group the peptides according to the unique amino acid combinations in P7 and P8, and
observe in how many cases there is a decrease, or an increase, in the abundance of the
peptides carrying these particular amino acid combinations after the infection with MV.
Since we analyze the actual peptides, we can here use the real copy numbers of each
peptide (or amino acid combination) as described by Schellens et al. (Schellens et al.,
2014). Assuming that iNKRs can distinguish between any pair of amino acids in those
residues (i.e. p = 1/400), we thus again consider how likely individual iNKRs can detect
changes in their ligand pool. The results are summarized in Figure 6.5.

In all BLCLs, the number of “KIR motifs” (i.e. unique pairs of amino acids in P7 and
P8) is smaller than 400, indicating that not all possible amino acid pairs are present in
P7 and P8 of the peptides presented by these cell lines. Of these motifs, the majority are
derived from self-peptides, confirming that indeed most changes in the ligand pool are
not caused by viral proteins. Additionally, the decrease of KIR motifs after MV infection
is large in all BLCLs (Figure 6.5 A, BLCL 1112), suggesting that at least 50 % of spe-
cific individual iNKRs would have the ability to detect a loss in their ligands. However,
iNKRs are not merely sensitive to the presence of a peptide but also to the total amount
of pMHC complexes it interacts with (reviewed in (Cassidy et al., 2014)). Therefore,
it is important to quantify by how much the abundance of peptides changes after the
viral infection, to predict the functional consequences of “altered-self” recognition. By
computing the percentual decrease of KIR motifs after the viral infection, we observe
that, indeed, a large fraction of the KIR motifs disappear in all cell lines, even in BLCLs
with an enhanced peptide presentation (e.g., in BLCL 1112, at least 25 % of KIR motifs
disappear, and in one third of the motifs the density decreases by half, Figure 6.5 A)

121



Chapter 6. Can peptide sensitivity explain the diversity of NK cell receptors?

By restricting the peptides to those presented by the four epitopes A3/A11, Bw4, C1,
and C2, the size of the data set was reduced by approximately half. Therefore, we ex-
tended our analysis and include all 9-mers in the data set. The results are remarkably
similar to those from the potential ligands, indicating that highly specific iNKRs can
easily detect substantial changes in the peptides presented by all BLCLs studied here
(Figure 6.5 B). Since NK cell degranulation increases linearly with decreasing ligand
concentration (Cassidy et al., 2014), this strong decrease in ligand density is likely to
induce a strong NK cell activation.

6.2.4. Specific recognition of peptides requires several iNKRs

Having an estimation of the probability that an iNKR recognizes changes in the ligand
pool (Figure 6.5), we can speculate about the number of receptors required for a suc-
cessful iNKR mediated NK cell response. Consider the “worse-case” scenario, where
approximately one third of iNKRs detects a decrease in their ligands after MV infection
(i.e. BCLC 1112 in Figure 6.5 B, dark gray area). After interacting with this cell line,
approximately 10 % of the specific iNKRs would result in a strong NK cell activation,
as 10 % of KIR motifs disappear upon the viral infection (BCLC 1112 in Figure 6.5 B,
large white bullets). Because an individual basically needs at least one iNKR detecting
altered self, as NK cells expressing that iNKR should become activated and respond, it is
tempting to speculate that ten different iNKRs per individual would be sufficient to suc-
cessfully detect “altered-self” when 10 % of KIR motifs are completely downregulated.
Note that NK cell degranulation increases linearly when the concentration of peptide-
MHC complexes on the cell surface decreases (Cassidy et al., 2014). If a reduction of
iNKR ligands by half would also be sufficient to mount a successful NK cell response, we
obtain for BLCL 1112 that approximately 25 % of iNKRs detect a decrease in their lig-
ands(BCLC 1112 in Figure 6.5 B, small white bullets), implying that about four iNKRs
would be required for NK cell activation.

To have a lower estimate for the required KIR diversity, consider now the “best-case scen-
ario” (i.e. BLCL 1077 in Figure 6.4 B). Hereby, one third of iNKRs would completely
lose their ligands (BLCL 1077 in Figure 6.4 B, large white bullets), and two thirds of
iNKRs would detect ligands decreasing in their abundance by half (BLCL 1077 in Fig-
ure 6.4 B, small white bullets). Thus, two or three iNKRs would be sufficient to detect a
decrease in ligands, and result in activation of some NK cells. This analysis of the best
and worse case scenarios indicate that one single iNKR is not sufficient for “altered-self”
detection.
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6.3. Discussion

The potential functional consequences of the presented peptide in KIR-MHC interactions
have remained unresolved. Here we use a simple modeling approach and data analysis to
study 1) how the peptide repertoire changes after a viral infection, and 2) the probability
of iNKRs to recognize these changes. We show that most changes in the peptide pool
are derived from self-proteins, and that iNKRs can detect decreases in the peptide pool if
they are sufficiently specific.

The importance of peptide sensitivity for iKIRs has been mostly related to viral infec-
tions, especially in HIV-1 infections (Fadda et al., 2012, van Teijlingen et al., 2014).
Recent studies demonstrate that sequence variations within HLA-C restricted HIV epi-
topes strongly engage inhibiting KIR2DL2, inducing a strong inhibiting signal for NK
cells (van Teijlingen et al., 2014). Although these studies certainly have important func-
tional implications, especially regarding viral escape mechanisms, our study shows that
changes in the presented self-peptides can be sufficient to detect a viral infection. If the
HIV-1 peptides are not highly abundant on productively infected cells, their contribution
to the total changes in the peptide repertoire might be small. Indeed, all changes in the
peptide repertoire (i.e. derived from self and viral proteins) as well as the abundance of
the peptides are necessary to estimate the implications of peptides on iNKR mediated
NK cell regulation.

The BLCL data set allowed us to investigate how the peptide pool that is relevant for
iNKR-binding (i.e. the peptides restricted to HLA-A3/A11, -Bw4, C1, and C2) changes
after a viral infection. However, it is important to notice that the assignment of the eluted
peptides to the HLA alleles was predicted in-silico, and possibly some eluted peptides
were not assigned to any MHC molecule. Furthermore, the HLA-C restricted peptide
pool might have been underestimated, as there is a preference in assignment to HLA-
A and -B alleles, because the prediction performance for the better-studied HLA-A and
HLA-B alleles is higher than that for HLA-C alleles. Even if the contribution of these
“possible ligands” are underestimated, the main outcome of our study does not change
much, as the analysis including all 9-mers (considering also peptides that have not been
assigned to any HLA molecule) show results very similar to those considering only the
group of peptides presented by HLA-A3/A11, -Bw4, C1 and C2.

In the sequence based analysis, we considered that an iNKR can discriminate any pair of
amino acids in P7 and P8 (i.e. p = 1/400). However, neither in the data set of Schellens
at al., nor in that from Fadda et al., all 400 pairs of amino acids are present among the
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peptides studied. It is indeed likely that not all pairs of amino acids are presented by
the HLA molecules studied in those studies, or that some combinations are not naturally
occurring. What an iNKR detects in those two specific positions is important to estimate
the required specificity for “altered-self” recognition. Our sampling model shows that,
even if the iNKRs recognized four groups of amino acids instead of unique pairs (i.e.
p = 1/16), the detection of a lower ligand concentration would still be possible. This
observation calls for a further analysis of the amino acid groups in P7 and P8 of the
peptides eluted from BLCLs.

The actual iNKR specificity is necessary to make a proper conclusion about diversity.
In the sequence based analysis (where we again consider the case that an iNKR can
detect all pairs of amino acids) we show that the required genetic KIR diversity varies
widely among BLCLs, with ten specific iNKRs being necessary to detect changes in the
peptide repertoire in BLCL 1112, and two iNKRs being sufficient in BLCL 1077. If the
real specificity were lower, like suggested by Fadda’s study (where 13/59 peptides were
KIR-binders (Fadda et al., 2010)), the detection of the altered peptide repertoire would
become more challenging, as shown by our sampling model (Figure 6.4). In this case,
several iNKRs per individual would be necessary to detect the viral infection.

Our study is unique in that it comprises a detailed analysis of the variation in the iNKR-
ligands after a viral infection. By combining a mathematical model with experimental
data, we were able to quantify the absolute numbers and direction of change in the peptide
repertoire, shedding light on the complex mechanisms of peptide sensitivity and its pos-
sible functional consequences. However, further studies are indispensable to get a better
estimate about the genetic diversity and optimal specificity of iNKRs. In Chapters 2-5
we studied the evolution of KIRs by using an evolutionary computational model. By
expanding those models with the understanding of the peptide repertoire prior and after
infection we have gained in this current study, we can more accurately study the selection
pressure on iNKRs caused by peptide sensitivity.
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Figure 6.2. Probability distribution of an iNKR recognizing i ligands in BLCL 1053.
Panel A depicts the probability distribution Pu(i) of a iNKR detecting i self peptides be-
fore the MV infection. For instance, an iNKR will most likely recognize 2 out of the 903
unique self peptides as ligands. Similarly, panel B and C depict the probability distribution
Pi(i) and Pv(i) of a iNKR detecting i self peptides after MV infection and detecting i MV
peptides, respectively. Pu(i), Pi(i) and Pv(i) are all calculated by equation 6.1. Note that
an iNKR detecting 2 unique peptides out of the 903 self-peptides, with a total copy number
of T = 99556, has an expected ligand density of (2/903) × 99556 peptides. After MV
infection, an iNKR detecting 2 unique peptides out of the 532 self-peptides, with a total copy
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Figure 6.3. Probability distribution of iNKR ligands in four BLCLs. The red lines depict
the probability distributions an iNKR detecting x ligands on the surface of cells before and
after MV infection (Pu(i), Pi(i), and Pv(i) calculated by equation 6.1) for BLCL 1053 (A),
1112 (B), 1090 (C), and 1077 (D). The bars depict the same distributions, yet obtained by
sampling 10000 from each binomial distribution, whereby we obtain for every sample the
total number of iNKR ligands on one cell. For every sample, we determine whether there is
an increase, or a decrease, in the number of iNKR ligands before and after the infection, i.e.
we compare the number of ligands after every sample from Pu(i) with the sum of the ligand
numbers obtained after sampling from Pi(i) and Pv(i). The pie charts depict the occurrence
of having an increased (light gray), decreased (dark gray), or equal (gray) ligand concen-
tration after MV infection. This sampling model assumes that iNKRs have a specificity of
p = 1/400 (i.e. iNKR detect two amino acid combinations at P7 and P8).
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Figure 6.4. Distribution of iNKR ligands in BLCLs using a sampling model. Legend as
in Figure 6.3 but using p = 0.2 (specificity estimated by Fadda et al. (Fadda et al., 2012)).
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Figure 6.5. Changes in the iNKR ligand abundance after the sequence based analysis.
In panel A, only those peptides restricted to HLA molecules having the A3/A11, Bw4, C1
or C2 motifs were analyzed, and in panel B or all peptides were considered. In all cases, the
peptides are grouped according to their unique amino acid combinations in P7 and P8, and
we monitor in how many cases there is an increase (light gray), or a decrease (dark gray),
in these peptide motifs after the infection with MV. By considering the percentual change,
we then quantify by how much the abundance of KIR motifs decreases after MV infection.
Depicted are the KIR motifs that decrease their abundance by half (small white bullets), and
those peptides that disappear (large white bullets).
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Chapter 7. Summarizing Discussion

The evolution of NK cell receptors (NKRs) in different species led to a fascinating com-
plexity. Most receptors interact with highly polymorphic MHC molecules, resulting in
receptor-ligand pairs that individualize the immune system, a process that is thought
to improve the survival of individuals and populations. Yet, the exact evolutionary ad-
vantage of these expanded genotypes has remained unresolved. In this thesis, we have
extensively studied how viruses exert selection pressures on NKRs, shedding light and
providing understanding for the evolution of these polygenic and polymorphic inhibiting
and activating NKRs.

7.1. Evolution of specific inhibiting receptors

Inhibiting NKRs (iNKRs) are typically involved in the recognition of missing-self, i.e.
in the detection of viral infected or transformed cells that have a reduced expression of
MHC-I molecules to evade cytotoxic T cells (Ljunggren and Kärre, 1990). Some viruses
have evolved several mechanisms counteracting missing-self detection by NK cells, e.g.
by evolving MHC-like decoy molecules that engage iNKRs, or by downregulating par-
ticular MHC loci. In this thesis, we studied the evolution of NKRs in-silico and showed
that hosts infected with such viruses naturally evolve iNKRs that are specific for subsets
of MHC molecules. Apparently, iNKR specificity allows for better NK cell responses.

The selection pressure for specificity varies depending on the strategy the viruses use
to escape missing-self detection by NK cells. In Chapters 2 – 4, we show that viruses
evolving MHC-decoys drive the evolution of highly specific iNKRs, i.e., receptors that
specialize to single MHC molecules in the population. Because iNKRs face the chal-
lenge to avoid being “fooled” by the viral molecules mimicking MHC-I, a high degree
of specificity is optimal during infections with viruses evolving decoys.

Viruses that selectively downregulate particular MHC-I loci, on the other hand, drive
the evolution of less specific iNKRs. Hosts infected with these type of viruses evolve
iNKRs that specialize to groups of MHC-I molecules rather than to single alleles (shown
in Chapter 5), an effect that depends on the structural similarity of the MHC molecules.
If the MHC molecules within each locus are similar to each other, iNKRs can evolve to
specialize to all MHC alleles in one locus, while losing affinity to the MHC alleles in the
other locus. In contrast, if MHC molecules share little or no similarity within one locus,
iNKRs can no longer distinguish between the different groups of MHCs, which results
in the evolution of a higher degree of iNKRs specificity (Table 6.1).
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iNKR signaling may also depend on the peptide presented by the MHC molecules, since
they are in direct contact with residues P7 and P8 (Boyington et al., 2000, Brooks et al.,
2000, Fadda et al., 2010, Fan et al., 2001, Li and Mariuzza, 2014). In Chapter 6, we
show that iNKRs need to be sufficiently specific to detect the changes in the peptide pool
induced after a viral infection: if they are able to discriminate between any unique amino
acid pairs or even amino acid groups in P7 and P8, iNKRs can easily detect “altered
self”, even when the total abundance of peptides increases upon infection. Whether the
actual specificity lays in this range remains unresolved, and experimental elucidation of
the KIR motifs in the MHC presented peptides is necessary to validate our predictions.

Altogether, our results show that the specificity of iNKRs is not only beneficial to coun-
teract viral evasion mechanisms such as MHC-decoys or selective MHC downregulation,
but specific iNKRs can also successfully detect changes in the altered peptide repertoire
after viral infection.

7.2. Evolution of specific activating NK cell receptors

Activating NKRs (aNKRs) are not involved in missing self, and their role has remained
intriguing because of the current lack of characterized ligands. In humans, aNKRs are
associated with reproductive success, as they ensure the activation of NK cells required
for arterial remodeling and with it a sufficient blood supply in the placenta (see Introduc-
tion and (Moffett-King, 2002, Wallace et al., 2012)). The arterial remodeling required
for a deep placentation is mostly important in humans, as a sufficient blood supply is ne-
cessary for the development of large brain sizes. Thus, reproductive success is not likely
to exert such a strong selection pressure on the expansion and maintenance of aNKRs in
other species.

A natural alternative hypothesis is that aNKRs bind viral encoded proteins, peptides
presented from these proteins, or particular host proteins signaling stress, and thereby
activate NK cells. Lanier and colleagues proposed a model of NKR evolution, in which
aNKRs evolved from their inhibiting counterparts based upon the observations of the
selection pressure exerted by CMV after evolving MHC-I decoys (Lanier, 2008, Sun
and Lanier, 2009). In Chapter 4 we tested and confirmed this hypothesis, showing that
aNKRs are selected because of the protection they provide when they bind MHC-I de-
coys, thereby activating NK cells. Given their involvement in pathogen defense and host
survival, it is natural that aNKRs provide an evolutionary advantage, explaining their fast
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expansion in the NKR cluster in our simulations.

If aNKRs are indeed advantageous by targeting viral products, why is it so challenging
to find and characterize ligands for aNKRs? It is possible that these viral ligands are en-
coded by short undetermined sequences in viruses having large genomes, such as CMV,
EBV and other viruses from the Herpes family. Another possible explanation for the
lack of identified viral ligands is that viruses evolve rapidly, becoming a moving target
for aNKRs, to impede the adaptation of aNKRs.

Despite the high sequence similarity in the extracellular binding domain of inhibiting and
activating KIRs, activating KIRs do not bind most HLA molecules (Gillespie et al., 2007,
O’Connor and McVicar, 2013, Saulquin et al., 2003). There is even an evolutionary trend
in humans and chimpanzees towards reducing the affinity of activating KIRs to the HLA
epitopes C1 and C2 (Moesta et al., 2010). Our model of host-pathogen co-evolution
provides an explanation for this phenomena, showing that aNKRs evolve to reduce their
binding affinity to MHC-I molecules. The selection for lower binding affinity to MHC
molecules is driven by NK cell education, as aNKRs would not be licensed if they were
self reactive (i.e. they recognized any MHC-I molecule in a host, see Chapters 3 – 4).

aNKRs might additionally play a role in the detection of presented peptides, i.e. “altered-
self” detection, as the changes in the MHC presented peptides after a viral infection
might also enhance the binding to aNKRs, allowing for NK cell activation. In mice,
the interactions between the activating CD94/NKG2E and the peptides loaded onto the
non-classical MHC-I Qa-1b have indeed been associated with enhanced viral control
against mousepox infections (Fang et al., 2011). Qa-1b is normally loaded with small
peptides derived from other self MHC-I molecules and is the natural ligand for the inhib-
iting CD94/NKG2A receptor. After mouse pox infection there is a shift in the recogni-
tion of peptide-MHC complexes from inhibiting to activating receptors. The molecular
mechanisms underlying this aNKR “altered-self” detection remain unknown, as it is not
clear whether it is a viral or a newly expressed self peptide that is engaging the aNKR.
However, this observation clearly highlights the importance of aNKRs in recognizing
peptide-MHC complexes during viral infections, calling for an extension of our analysis
performed in Chapter 6.
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Table 6.1. Comparison of specificity, haplotype composition, and genetic diversity
among Chapters 3-4, and the Yucpa (Gendzekhadze et al., 2009).

# aNKRs /
haplotype

# iNKRs /
haplotype

maximal #
loci

SRIa

Yucpa 2.5 5.5 14 3.4
Chapter 3 6 4 10 6.6
Chapter 4 8.6 4.15 15 8.9

a: The SRI index was calculated for the haplotypes, i.e. we compute how many
different haplotypes there are in a population.
We exclude Chapters 2, and 5 from this comparison, as in those models aNKRs are not
considered.

7.3. Genetic diversity

In all the models of NKR evolution studied in this thesis, the gene complex encoding
NKRs becomes polygenic and polymorphic. But how realistic is the level of genetic di-
versity we obtain? Several studies have described the NKR diversity in numerous human
populations, including Japanese (Yawata et al., 2006), Amerindian (Gendzekhadze et al.,
2009), African (Norman et al., 2013), and Polynesian (Nemat-Gorgani et al., 2014) pop-
ulations. Particularly informative are the studies of the Amerindian population Yucpa, as
these individuals are estimated to have been isolated for almost 3000 years, during which
they have suffered several epidemics and population bottlenecks (Gendzekhadze et al.,
2009). The Yucpa population retained several KIR haplotypes, indicating that NKR di-
versity is essential for long-term survival (Table 6.1) (Gendzekhadze et al., 2009).

The seven haplotypes found in this population have mainly expanded the genes encoding
iNKRs, obtaining approximately 5-7 loci encoding iNKRs per haplotype. While the
number of iNKRs per haplotype evolved in our simulated populations is in agreement
with the number of iNKRs per haplotype found in the Yucpa population, the number
of aNKRs per haplotype and the haplotype diversity (SRI) in our simulations are larger
than those observed in the Yucpa population (see Table 6.1). In our simulations, we
do not allow for any fitness cost for the expansion of the genome. Hence, genotypes
can expand until the maximum number of genes is reached, explaining the high NKR
diversity obtained in our simulations. Additionally, the maximal number of loci per
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individual affects both polymorphism and polygenicity in our models: in simulations
where individuals have fewer loci per haplotype, the heterozygote advantage to have a
licensed NKR repertoire is larger, thereby exerting a larger pressure for polymorphism.
Since it was only for reasons of simplification that we do not model a fitness cost for
additional loci, it is difficult to compare the obtained genetic diversity to that found in the
Amerindian population. Nevertheless, all our studies clearly underline the importance of
the expansion of iNKR genes for survival.

7.4. Model limitations

In our agent-based models, we made one important assumption: we consider a global
repertoire of licensed receptors, instead of individual NK cells, which forced us to define
the protection of a host in terms of the number of protective receptors, rather than the
presence of protective NK cells. This modeling approach ignores distinct NK cell sub-
sets, their development, and activation during and immune response. Additionally, this
assumption affects the evolution of specificity and hence diversity, as it directly determ-
ine the host’s protection and its survival. Since there is still a lack of detailed knowledge
about the role of MHC-I molecules in NK cell maturation, the exact mechanisms of NKR
repertoire acquisition, and the expansion of different NK cell subsets during viral infec-
tions remain poorly understood. Therefore, we deemed it to be unfeasible to model the
NK cell dynamics in detail at this stage of our NK cell understanding. Determining these
complex molecular and cellular processes is crucial for future extensions of these models,
which in turn can allow the study of the effects of NK cell education, and the diversity of
NK cell subsets, in fighting pathogens and survival.

7.5. Concluding remarks

With evolutionary and mathematical modeling, we have revealed several processes that
are involved in the evolution of NKRs. We have shown that specificity plays a pivotal
role for NKRs to be functional and to distinguish self from non-self. Additionally, we
have demonstrated how hosts naturally evolve diverse NKR clusters as a consequence of
the required specificity. These results mirror the complexity of the biological process,
as we cannot not provide one simple explanation for the complex biological question
why NKRs are specific, polygenic and polymorphic. In fact, we have identified several
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plausible explanations, which contribute, albeit in different degrees, to the evolution of
polygenicity and polymorphism in the NKR cluster. All processes revised in this thesis
are most likely intertwined, simultaneously exerting pressures on hosts to evolve the
functional NKR-MHC pairs, which provide only protective NK cells a license to kill.
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Summary

Natural killer (NK) cells are cells from the innate immune system that patrol the body,
identifying infected and cancer cells. To distinguish healthy from pathological cells,
the activity of NK cells is tightly regulated with a sophisticated detection system which
is composed of activating and inhibitory cell surface receptors. The best characterized
mechanism of NK cell activation is “missing self” detection, i.e. the recognition of
virally infected or transformed cells that reduce the expression of self molecules (MHC-I
molecules) to evade other cytotoxic immune cells. To monitor the expression of MHC-I
on target cells, NK cells have NK cell receptors (NKRs), which are encoded by gene
families showing a remarkable genetic diversity. The NKR haplotypes contain several
genes encoding for either activating or inhibiting receptors, varying in gene content and
allelic polymorphism. However, for the recognition of missing MHC molecules this
diversity seems redundant as one set of receptors should be sufficient. Why then have
these polygenic and polymorphic receptors evolved?

Because of the evolutionary arms race between infectious pathogens and the immune
system, NKRs have possibly diversified due to the selection pressure imposed by the
successful immunoevasive mechanisms evolved by several pathogens. In this thesis, we
use computational evolutionary modeling, data analysis, and mathematical modeling to
answer the question of why NKRs have evolved to become specific, polygenic, and poly-
morphic. We focus on the different hypothesis related to viral mechanisms to escape the
NK cell immune response. We first studied the effect of “MHC-I decoys” on the evolu-
tion of the specificity of inhibiting receptors (Chapter 2). For this purpose, we developed
an agent-based model of human-like populations that are infected with herpes-like vir-
uses causing chronic infections. Next to downregulating MHC-I molecules, these viruses
are able to escape the NK cell response by expressing MHC-decoys engaging the inhib-
itory NKRs. We show that specific NKR-MHC interactions are needed to protect against
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viruses expressing such decoys. Because of the provided protection, specific inhibitory
NKRs have an evolutionary advantage, giving rise to a high level of diversity.

In Chapter 3, we extended this model and included activating receptors, allowing us to
quantify how specific activating and inhibiting NK cell receptors must be to be protective
to these Herpes-like viruses. We confirm our findings from Chapter 2 and observe that
activating receptors also evolve specificity in order to be protective. In Chapter 4 we
expand our model further and allow for host-pathogen co-evolution. Here, we show that
viruses readily evolve MHC-decoys and that inhibiting and activating receptors adapt by
evolving specificity, acquiring the ability to discriminate between self MHC molecules
and decoy molecules encoded in the viral genome. As a result, the genes encoding NK
cell receptors becomes polygenic, encoding both inhibiting and activating receptors.

In Chapter 5 we shift our focus to other viral strategies of immune evasion and study the
effect of selective MHC downregulation on the evolution of inhibiting receptors. Finally,
we use a mathematical model to study whether peptide sensitivity can be a possible
explanation of polygenicity of NK cell receptors in Chapter 6. In both these studies,
the specificity of inhibiting receptors is again crucial to successfully discriminate healthy
cells from the infected ones.

Taken together, we demonstrate that NKRs can diversify due to the selection pressure
imposed by the successful immunoevasive mechanisms evolved by several pathogens.
Our studies show that NK cell receptors evolve to become specific to distinguish self
from non-self and that the required specificity selects for the evolution of polygenicity
and polymorphism. The results in this thesis shed light on the evolutionary processes of
NK cell receptors, providing plausible explanations for this fascinating complex system.
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Samenvatting

Natural Killer (NK) cellen behoren tot het aspecifieke immuunsysteem en patrouilleren
het lichaam op zoek naar geïnfecteerde cellen en kankercellen. Om onderscheid te
kunnen maken tussen gezonde en afwijkende cellen wordt de activiteit van NK cellen
strikt gereguleerd met behulp van een geraffineerd detectie mechanisme bestaande uit
activerende en inhiberende receptoren op het celoppervlak. Het best beschreven mech-
anisme dat NK cellen activeert, is het detecteren van “missing self”: het detecteren van
geïnfecteerde of getransformeerde cellen die een verminderde expressie van self mo-
leculen (MHC-I moleculen) vertonen, waarmee de cellen andere cytotoxische immuun-
reacties ontwijken. Om de expressie van MHC-I op een verdachte cel waar te kunnen
nemen, bezitten NK cellen NK-cel receptoren (NKRs), die gecodeerd worden door gen-
families met een opmerkelijke diversiteit. NKR haplotypes bevatten een aantal genen die
coderen voor receptoren met activerende of inhiberende signalen, en de haplotypes zijn
polymorf omdat ze verschillende aantallen genen en verschillende varianten (allelen) van
die genen bevatten. Deze diversiteit lijkt echter overbodig om het ontbreken van MHC
moleculen te detecteren, aangezien één stel receptoren voldoende zou moeten zijn om
MHC moleculen te detecteren. Waarom heeft evolutie dan toch geleid tot polygene en
polymorfe receptoren?

Omdat infectieuze pathogenen en het immuunsysteem verwikkeld zijn in een evolution-
aire wapenwedloop, lijkt het waarschijnlijk dat diversiteit van NKRs veroorzaakt is door
de evasieve mechanismen die pathogenen evolueren. In dit proefschrift gebruiken we
evolutionaire modellering van evolutie, data analyse, en wiskundige modellen om de
vraag te beantwoorden waarom evolutie geleid heeft tot specifieke, polygene en poly-
morfe NKRs. De focus ligt op virale infecties en de mechanismen die virussen evolueren
om te ontsnappen aan NK-cellen. We hebben eerst het effect van “MHC-I imitaties”
op de evolutie van de specificiteit van inhiberende receptoren onderzocht (Hoofdstuk
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2). We hebben een agent-gebaseerd model ontwikkeld waarin gesimuleerde menselijke
populaties geïnfecteerd worden met chronische Herpes-achtige virussen. Naast het on-
derdrukken van de expressie van MHC-I moleculen, zijn deze virussen ook nog in staat
om aan de NK-cel reactie te ontsnappen door imitaties van MHC moleculen tot expressie
te brengen, die de inhiberende NKRs stimuleren. We laten zien dat specifieke MHC-
NKR interacties bescherming biedt tegen virussen die dergelijke imitaties tot expressie
kunnen brengen. Dit evolutionaire voordeel leidt tot specifieke NKRs. Daarna vraagt een
goede bescherming van de gastheer om een hoge diversiteit van de NKRs.

In Hoofdstuk 3 hebben we dit model met activerende receptoren uitgebreid. Dit heeft
ons in staat gesteld om te quantificeren welke specificiteit van activerende en inhiber-
ende NK-cel receptoren noodzakelijk is om bescherming te bieden tegen soortgelijke
Herpes-achtige virussen. Hiermee bevestigen we onze resultaten uit Hoofdstuk 2, en
vinden we dat ook bij activerende receptoren er evolutie van specificiteit plaatsvindt. In
Hoofstuk 4 breiden we ons model nog verder uit en staan we co-evolutie tussen gastheer
en pathogeen toe. We laten zien dat virussen gemakkelijk MHC-imitaties evolueren en
dat activerende en inhiberende receptoren zich op hun beurt aanpassen door specificiteit
te evolueren, waardoor ze onderscheid kunnen maken tussen authentieke MHC molecu-
len en virale imitaties. Deze specificiteit heeft tot gevolg dat de NK-cel receptorgenen
polygeen worden en dat haplotypes zowel activerende als inhiberende receptoren evolu-
eren.

In Hoofdstuk 5 hebben we onze aandacht gericht op andere virale strategieën om het
immuunsysteem te ontwijken. We bestuderen het effect van selectieve onderdrukking
van MHC-1 expressie op de evolutie van inhiberende receptoren. Ten slotte gebruiken
we in Hoofdstuk 6 een wiskundig model om te bestuderen of sensitiviteit voor peptiden
een mogelijke verklaring biedt voor het polygene van NKR haplotypes. Uit beide studies
blijkt dat de specificiteit van inhiberende receptoren wederom cruciaal is om succesvol
onderscheid te kunnen maken tussen self en non-self.

We stellen voor dat de diversiteit van NKRs mogelijk veroorzaakt is door de selectiedruk
van succesvolle immuno-evasieve mechanismen die sommige pathogenen hebben geë-
volueerd. Ons onderzoek laat zien dat de noodzaak om onderscheid te kunnen maken
tussen self en non-self de evolutie van specifieke NK-cel receptoren tot gevolg heeft, en
dat deze vereiste specificiteit op haar beurt leidt tot evolutie van polygeniteit en poly-
morfismen. De resultaten in dit proefschrift geven inzicht in de evolutionaire processen
waar aan NK-cel receptoren onderhevig zijn, en geven plausibele verklaringen voor dit
fascinerende en complexe systeem.
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Resumen

Las células asesinas naturales (NK por sus siglas en inglés, natural killer) participan ac-
tivamente en la defensa del organismo contra infecciones virales y contra el crecimiento
de células tumorales. Para que las células NK desarrollen su función citotóxica, éstas
tienen que identificar a la célula blanco. Para ello, las células NK poseen diferentes tipos
de receptores en su superficie, que pueden ser del tipo activador o inhibidor, y que recono-
cen moléculas en las células dianas. El ligando de muchos receptores inhibidores son las
moléculas de complejos mayores de histocompatibilidad (CMH-I) que normalmente es-
tán presentes en la superficie de toda célula nucleada. Debido a que las moléculas CMH-I
indican a otras células inmunes acerca de la salud de la célula (es decir, si está infectada
o no), varios virus y algunos cánceres impiden la expresión de CMH-I. Pero en ausencia
de moléculas CMH-I, las células NK se activan y reconocen a la célula como aberrante
o infectada. Éste es el modelo mejor caracterizado de activación de las células NK y es
llamado la teoría de “missing-self”.

Para reconocer la presencia de moléculas CMH-I, las células NK utilizan receptores que
son codificados por genes que presentan una enorme variabilidad genética. De hecho, los
haplotipos que codifican dichos receptores se diferencian en contenido genético, polimor-
fismo, y en el tipo de receptores, es decir si son activadores o inhibidores. Sin embargo,
esta gran diversidad genética parece redundante, ya que para detectar la presencia de
moléculas CMH-I un sólo receptor debería ser suficiente. ¿Por qué entonces las células
NK han evolucionado receptores con tanta complejidad genética?

Debido a la carrera armamentista que ocurre entre varios agentes patógenos y el sis-
tema inmunitario, los receptores de células NK pudieron haberse diversificado debido a
las fuerzas evolutivas impuestas por los mecanismos de evasión desarrollados por varios
patógenos. En esta tesis, hemos utilizado modelos evolutivos computacionales, análisis
de datos y modelos matemáticos para estudiar el por qué los receptores de células NK han
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evolucionado especificidad y una gran variabilidad genética. Nuestro enfoque ha sido el
de las hipótesis relacionadas con infecciones virales y los mecanismos de evasión de la
activación de las células NK. Primero hemos estudiado cuál es la fuerza de selección
impuesta por virus que codifican moléculas “imitadoras” de CMH-I para la evolución
de especifidad en los receptores (capítulo 2). Para esto, hemos desarrollado un modelo
basado en agentes que simula poblaciones humanas que han sido infectadas con virus
con características del virus herpes. En nuestro modelo, esta clase de virus impide la
expresión de CMH-I y además codifica “imitadores” de CMH-I para evadir ser detectado
por las células NK. Este estudio demuestra que los receptores deben tener interacciones
específicas con las moléculas CMH-I para poder eliminar el virus. Como consecuencia
natural de la ventaja evolutiva de los receptores específicos, podemos observar la evolu-
ción natural de una gran variedad genética.

A continuación hemos extendido este modelo computacional e incluimos receptores ac-
tivadores en el capítulo 3. Utilizando un modelo matemático, hemos podido cuantificar
la especificidad óptima que los receptores inhibidores y activadores deben tener para
poder proteger poblaciones de estos virus característicos de la familia herpes. Aquí con-
firmamos los hallazgos encontrados en el segundo capítulo, demostrando que la espe-
cificidad de las dos clases de receptores es necesaria para sobrevivir la epidemia. En
el capítulo 4 continuamos con la extensión de nuestro modelo basado en agentes, per-
mitiendo la co-evolución de virus y huéspedes. En este estudio también pudimos de-
mostrar como los virus fácilmente evolucionan “imitadores” de CMH-I, ya que éstos
proveen una ventaja al escapar de la vigilancia inmunitaria. Adaptándose a los virus, las
poblaciones evolucionan receptores activadores e inhibidores que son específicos a las
moléculas CMH-I, para poder discernir entre moléculas CMH-I o sus imitadoras. Como
resultado, los huéspedes evolucionan haplotipos de receptores que contienen una gran
cantidad de genes codificadores de receptores de células NK.

En el quinto capítulo nos enfocamos en otros mecanismos de escape viral y estudiamos
el efecto de los virus que interfieren con la expresión de solamente aquellas moléculas
CMH-I que interact uan con los receptores inhibidores. Finalmente, en el sexto capítulo,
analizamos el efecto de los péptidos en la activación de las células NK. En estos dos
últimos estudios podemos ilustrar, una vez más, la importancia de la especificidad que
los receptores deben tener para poder detectar agentes foráneos de los propios.

Basándonos en los resultados de esta tesis, proponemos que los receptores de las célu-
las NK se han diversificado como consecuencia de la fuerza de selección impuesta por
ciertos virus y sus mecanismos de escape. Nuestros estudios demuestran claramente que,
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para discernir entre agentes foráneos y patógenos de los propios y saludables, los recept-
ores de las células NK deben ser específicos. La especificidad require que cada individuo
tenga múltiples receptores, explicando así los haplotipos variables y polimórficos enco-
dificando dichos receptores. Nuestra investigación sin duda ha clarificado los procesos
tan complejos detrás de la evolución de los receptores de las células NK.
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