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Abstract
Natural killer (NK) cells, like B and T lymphocytes, are potent effector cells crucial for immunity
to tumors and infections. These effector responses must be controlled to avoid inadvertent attack
against normal self. Yet the mechanisms that guide NK cell tolerance differ from those guiding T
and B cell tolerance. Here we discuss how NK cells are licensed by self-MHC class I through their
inhibitory receptors, resulting in the functional competence to be triggered through their activation
receptors. We discuss newly published data with respect to issues related to licensing, thereby
providing a framework for unifying concepts on NK cell education.

Natural killer (NK) cell receptors: activation and inhibition
NK cells are endowed with potent effector mechanisms such as cytotoxicity and cytokine
production. In contrast to other lymphocytes, NK cells do not express rearranged, antigen-
specific receptors and NK effector function is instead dictated by integration of signals
received through germ-line-encoded receptors that can recognize ligands on their cellular
targets [1]. Functionally, NK cell receptors are classified as activation or inhibitory [2] (Fig
1). Activation receptors, such as Ly49H in mouse, as well as the natural cytotoxicity
receptor, NKp46, in both mice and humans, stimulate NK cell effector functions upon
recognition of ligands expressed on virus-infected or transformed cells. Self-MHC Ia and Ib-
specific NK cell activation receptors might also recognize ligands constitutively expressed
on healthy cells, such as H2Dd and Qa1 by Ly49D and NKG2C–CD94, respectively [1].
These receptors generally do not have identifiable signaling motifs in their cytoplasmic
domains, but instead have charged transmembrane residues for association with other
transmembrane proteins, such as CD3ζ, FcεRIγ, or DAP12, which contain cytoplasmic
immunoreceptor tyrosine-based activation motifs (ITAMs). These proteins help stabilize
activation receptor expression and transduce activation signals. NK cells also express other
stimulatory receptors, such as CD27 and CD96 (Tactile), which recognize constitutively
expressed ligands, CD70 and CD155 (PVR), respectively [1]. Signaling through these
receptors is ITAM-independent.
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Inhibitory receptors are specific for MHC class Ia and Ib molecules, and other, non-MHC
ligands [3], such as E-cadherin bound by KLRG1 [4,5]. In the mouse, the MHC-specific
inhibitory receptors belong to the lectin-like homodimeric Ly49 family, whereas human NK
cells predominantly express monomeric HLA-specific inhibitory receptors belonging to the
Ig-superfamily of proteins and are known as the killer immunoglobulin-like receptors
(KIRs) [6]. In addition to these topologically distinct receptors specific for MHC Ia
molecules, both mice and humans express the inhibitory NKG2A–CD94 heterodimer, which
binds the MHC class Ib molecule, Qa-1 and HLA-E in mouse and human, respectively. In
general, the inhibitory receptors signal via immunoreceptor-based tyrosine inhibitory motifs
(ITIMs) in their cytoplasmic tails, which contain tyrosine motifs that are phosphorylated
following inhibitory receptor cross-linking, allowing recruitment of phosphatases.

Target stimulation of an NK cell is dependent on the integration of signals received through
these receptors (Fig 1). In general, if both types of receptors are engaged, the inhibitory
signals predominate and NK cells are prevented from killing and producing cytokines. If
MHC class I is down-regulated on target cells i.e., “missing-self”, then the NK cell may
become activated if an activation receptor is also engaged. On the other hand, certain
processes, such as viral infection or genotoxic damage [7], can upregulate ligands for the
NKG2D activation receptor, i.e., “induced-self”, which may overcome normal steady-state
inhibitory receptor dominance and allow NK cell activation [8]. NK cells simultaneously
express several different isoforms of both activation and inhibitory receptors, complicating
the study of how these signaling pathways integrate in an individual NK cell during an
effector response.

Because NK cells express several activation receptors that are potentially specific for self-
molecules, they require mechanisms to prevent inadvertent activation against normal tissues,
processes referred to as “tolerance to self”. Although the functions and specificities of
individual activation and inhibitory NK receptors have been well-defined in the context of
effector response, their combined role in establishing both functional capacity and self-
tolerance, which together is referred to as NK cell “education”, is less well defined (Fig 2).
There is general consensus that MHC-dependent NK cell education occurs through a self-
MHC-specific receptor, a process termed “licensing” [9]. However, how this is achieved and
the relative contributions of inhibitory versus activation receptors are still being debated.
Here, we consider current models for NK cell education, examine when during the NK cell
life cycle education occurs, and the potential plasticity for NK cell responsiveness. We seek
to clarify existing terminology (see Glossary) and to provide a unified framework for
understanding the role of MHC class I molecules and their receptors in the context of NK
cell education.

Licensing: MHC-dependent NK cell education
NK cells are regulated by the host MHC class I environment. In retrospect, this was first
noted in the description of “hybrid resistance,” a phenomenon that defies predictions based
on the classic laws of solid tissue transplantation (see Glossary) [10]. In hybrid resistance,
F1 hybrid mice reject bone marrow (BM) grafts from either inbred parent but not from an F1
hybrid. Rejection is mediated by host NK cells, which are regulated by the host MHC class I
environment [11,12]. Studies of β2-microglobulin (β2m)-deficient mice, which lack MHC I
molecules, are reminiscent of hybrid resistance, because NK cells in MHC-sufficient mice
reject β2m-deficient BM whereas NK cells in β2m112 deficient mice do not [13].

Although these studies helped confirm the missing-self concept [14], they were puzzling
because a prediction of missing-self is that NK cells in MHC-deficient hosts should be
uninhibited and cause autoreactivity. However, MHC-deficient hosts, both mouse and
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human, display no overt NK cell hyperactivity [13,15,16]. Instead, when freshly isolated, the
NK cells are defective in killing MHC-deficient targets, and do not reject β2m-deficient BM
[16,17]. Thus, MHC class I environment regulates NK cell function. The basis for MHC-
dependent NK cell education was enigmatic for quite some time. The data suggested that
self-tolerance occurred because each NK cell expressed at least one self-specific inhibitory
receptor [18]. However, NK cells that do not express any of the known self-specific
inhibitory receptors have been detected in MHC-sufficient hosts [19]. These cells were
hypofunctional, despite the apparent absence of MHC-specific receptor engagement. Thus,
an NK cell inhibitory receptor repertoire specific for MHC haplotype [20] does not
apparently explain NK cell hypofunction in MHC class I-deficient hosts.

Experiments on a per cell basis show that when activation receptors are cross-linked, NK
cells with a self-MHC-specific Ly49 inhibitory receptor are good producers of IFNγ but
their counterparts without such receptors are not. This indicates the existence of both
licensed and unlicensed tolerant NK cells (Fig. 3). Licensed NK cells are functionally
competent with regard to their activation receptors and are tolerant because they have an
inhibitory receptor for self-MHC. Unlicensed NK cells do not have a self-MHC-specific
inhibitory receptor and are tolerant because they are not functionally competent. The intact
cytoplasmic domain of the inhibitory receptor, and specifically the ITIM, is required for
licensing [21]. There is probably a minimal role for MHC class Ib molecules in MHC-
dependent education because NK cells in β2m-deficient mice are functionally similar to NK
cells from mice deficient in MHC class Ia heavy chains (H2KbDb -double deficient) [21].
This has been confirmed by recent studies in CD94-deficient mice containing NK cells, in
which the NKG2A–CD94 receptor specific for Qa1 is absent [22]. Thus, it appears that
MHC-dependent education, or licensing, primarily involves self-MHC-specific receptors for
MHC class Ia molecules.

Studies of human NK cells support the concept that a self-MHC-specific inhibitory receptor
confers functional competence of activation receptors [23,24]. NK cells expressing a KIR
specific for self-HLA display more robust cytokine production than self-KIR-negative NK
cells. KIR and HLA Tg mice also demonstrate similar effects [25]. These data provide
additional evidence indicating that Ly49s and KIRs represent receptors that are related by
convergent evolution [26,27].

The licensing hypothesis is compatible with hybrid resistance because each NK cell is
separately licensed by different MHC alleles, depending on receptor expression (Fig. 4).
Because the F1 hybrid expresses both parental alleles, NK cells expressing a receptor
specific for parent A’s MHC would be licensed by parent A alleles but not B. Conversely
NK cells may be licensed by parent B but not parent A alleles. BM transplanted from parent
A into the F1 hybrid, would be attacked by NK cells licensed by parent B alleles but not
parent A alleles, and vice-versa. Thus, licensing predicts that the NK cell pool can
discriminate between normal targets expressing the full complement of MHC alleles and
pathologic cells lacking expression of one or more MHC ligands.

Many signals integrate to control NK cell activation; engagement of activation receptors
may also contribute to BM rejection. Indeed, BM cells from certain mouse strains express
NKG2D ligands, and blocking NKG2D can result in BM engraftment, even when
expression of the full complement of MHC I alleles is absent [28]. In F1 hybrid mice, the
parental donor MHC class I haplotype dictates the extent of NKG2D-mediated rejection
[29], presumably via “missing-self” and licensing effects. While not all strains of mice seem
to express NKG2D ligands on their BM, BM may express unidentified activating ligands
that similarly collaborate with MHC effects for host NK cell-mediated rejection.
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Mechanisms of licensing: Arming versus disarming?
Several mechanisms have been proposed to account for how NK cells become licensed
through self-MHC-specific receptors. Best-known models are “arming” and “disarming”,
proposed by Raulet and colleagues [30] (Figs 2, 5). In the arming model, the self-specific
inhibitory receptor provides all of the signals required for licensing to occur, more akin to a
stimulatory receptor [31]. Although it might seem difficult to reconcile transmission of a
“positive” signal through the ITIM, a domain required for licensing [21] yet traditionally
described to initiate inhibitory signaling cascades, receptors can signal different processes,
depending on context. For example, the TCR is generally conceived to be an activation
receptor [32], but under some circumstances it can deliver apoptotic signals, confer positive
or negative selection, result in anergy, etc. MHC-specific receptors involved in licensing
were first described as “inhibitory” in the context of an effector response against targets, but
they might deliver qualitatively different signals in tolerance induction. Indeed, inhibitory
receptor signaling itself seems to be more complicated than just recruitment of tyrosine
phosphatases [33].

The disarming theory proposes that in the absence of self-MHC class I recognition, NK cells
are hyporesponsive as a consequence of stimulation by a putative self-ligand for an
undefined self-specific activation receptor [30] (Fig 5). Unopposed signaling through
activation receptors would account for the hyporesponsive phenotype in NK cells obtained
from an MHC class I-deficient environment. Indirect evidence for a self-specific activation
receptor comes from studies indicating that MHC-deficient cells are susceptible to killing by
NK cells from WT mice, suggesting that the MHC-deficient cells constitutively express a
ligand for an unknown activation receptor [17].

The disarming model, particularly with regard to a self-specific activation receptor, is
complicated by several factors. The specificity and function of several NK cell activation
receptors are controversial. For example, the Ly49D activation receptor has specificity for
H2Dd in functional studies [34], but physical binding studies do not corroborate this
specificity and H2Dd can also bind inhibitory receptors such as Ly49A [35]. For other
receptors, such as the 2B4 receptor, there is functional ambiguity that may be context
dependent [36]. Other receptors, such as CD2, are expressed on other immune cells, which
may complicate analysis of their NK cell-specific function in general immune responses.
Finally, ligands for some activating receptors, such as NKG2D, are known to be stress-
induced, making the study of endogenous self-specific activation receptor-ligand
interactions challenging.

Transgenic (Tg) mouse models, in which NK cell activating ligands are constitutively and
continuously expressed, support the concept that chronic engagement of an activation
receptor on NK cells can lead to an anergic-like state. In mice Tg for NKG2D ligands,
apparently all NK cells (because all NK cells express NKG2D) become hypofunctional
[37,38]. NK cells from these mice also show defects in cytotoxicity against MHC I-deficient
target cells (31), suggesting defects in multiple signaling pathways. Similar findings were
reported in mice expressing m157, a virally-encoded ligand for Ly49H where the capacity of
NK cells to be stimulated through Ly49H was reduced [39,40]. This tolerance is dependent
on the ITAM-signaling chain DAP12 but not DAP10 [41] which also can associate with
Ly49H [42,43]. Additionally, Ly49H+ NK cells from these mice had defective responses to
Ly49H-independent stimuli, including cytokines, and other activating receptors [39,40]. In
each of these models the stimulated activation receptor was downregulated, but this alone
cannot account for the hyporesponsive phenotype, as multiple NK cell receptors were
impacted. Human NK cells expressing the activation receptor KIR2DS1 demonstrate
hyporesponsiveness when derived from donors bearing its ligand, HLA-C2, supporting the
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findings in mice [44]. Thus, in the disarming hypothesis, the idea that hypofunction or
anergy induced via chronic stimulation through an activation receptor, is supported by Tg
models and human studies.

The phenotype of NK cells from the activation ligand Tg mice, however, differed from
normally licensed NK cells. Notably, in m157 Tg mice, the Ly49H+ NK cells were generally
hypofunctional as compared to Ly49H+ NK cells from WT mice [40], even when they
expressed a self-MHC-specific receptor. Specifically, in m157 Tg mice on the H2b

background, Ly49C+H+ NK cells did not show better function than Ly49C−H+ NK cells
following activation receptor cross-linking, even though Ly49C licenses NK cells due to
recognition of H2Kb. As engagement of a self-MHC-specific receptor did not reverse the
anergic phenotype, disarming might not best describe the mechanism by which NK cells
become licensed.

These tests of the disarming hypothesis, however, have their limitations. First, it is possible
that the ectopically expressed ligands were present on different tissues than the ligands for
the theoretical self-specific activation receptor. Second, “anergy” itself could be subject to a
balance between activation and “inhibitory” receptors. As such, the amount of ectopically
expressed ligand (and the corresponding stimulation through the activation receptor) may be
too high to be overcome by the self-MHC-specific inhibitory receptors. Also, the affinities
of the relevant ligands may be significantly different from the affinities of the enforced self-
specific activation receptor-ligand interactions. Finally, the putative, naturally occurring
self-specific activation receptor may have other properties that differ from the receptors
tested. Until a clearly defined, putative self-specific activation receptor has been better
tested, licensing via disarming remains a possible mechanism.

When does licensing occur …and with whom?
There are two sites, termed site 1 and site 2, on MHC class I that potentially contact Ly49
receptors [45]. Site-directed mutagenesis indicated that site 2 is relevant for interaction in
effector inhibition [46,47]. It is located below the peptide-binding domain and consists of
contact residues in α1, α2, and α3 of the MHC class I heavy chain, and species-specific
determinants present in mouse but not human β2m [46–49]. H2Dd mutant Tg mice indicate
that site 2 is required for Ly49A-dependent licensing [50]. This was corroborated by
swapping human for mouse β2m (human β2m Tg on mouse β2m-deficient background) in
which licensing that is dependent on Ly49A and Ly49C requires site 2 in their respective
ligands, H2Dd and H2Kb. Thus, Ly49-dependent licensing and effector inhibition involve
the same recognition site on MHC class I ligands.

Licensing was first thought to occur during NK cell development in the BM [21] because: 1)
Tolerance develops in immature cells in other lymphocytes; 2) NK cell development occurs
in the BM in a series of stages [51]; Ly49 receptors are first expressed at an intermediate
stage of development that is followed by constitutive proliferation; and 3) If an NK cell
expresses a self-specific Ly49, the amount of proliferation is higher than when the NK cell
expresses the same receptor but in a host without a ligand for the given Ly49 [21].

Recent studies that involved adoptive transfer of MHC class I-deficient splenic NK cells to
WT hosts [52,53] showed that, after transfer, donor NK cells gained the capacity to be
triggered through their activation receptors. Furthermore, donor NK cells that expressed an
inhibitory receptor capable of interacting with a host MHC class I molecule showed greater
functional capacity [52]. Additionally, when the pairings of inhibitory receptors and MHC
class I were restricted, such that only one inhibitory receptor, Ly49C, could interact with
host MHC class I, the increase in functional capacity was limited to only donor Ly49C+ NK
cells, indicating that the expression of an inhibitory receptor for host MHC class I is
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necessary for the gain in function. Taken together, the adoptive transfer data support the
notion that NK cell licensing is not strictly a developmental process that occurs in the BM,
because it can occur in peripheral NK cells that are generally considered to be mature.

The recent adoptive transfer studies add to the debate whether the educating signal may be
delivered in trans, via interaction of an NK inhibitory receptor with MHC I on a different
cell, or in cis, in which the interaction occurs on the surface of the same cell. Several
experimental models provide evidence for cis interactions of these receptors in the plane of
the membrane [54]. Additionally, in experiments where a mutant Ly49A receptor, with an
inflexible stalk incapable of cis-binding to MHC I, was transgenically expressed, NK cells
from these mice did not appear to be properly educated, though they could be inhibited
through this receptor, suggesting cis interactions were necessary for NK licensing [55]. In
contrast, the adoptive transfer studies using donor MHC class I-deficient splenic NK cells
and WT hosts indicate that trans interactions are sufficient to fully license NK cells, as
exposure of MHC I-deficient cells to an MHC I-sufficient environment imparted normal
function [52,53]. While it is possible that MHC-deficient NK cells could acquire MHC class
I via receptor-dependent processes or trogocytosis [56–59], results from the inverse transfer,
WT NK cells to β2m-deficient hosts, imply that cis interactions are not sufficient for
licensing, as these cells appeared to lose the licensed phenotype. However, a role for cis
interactions in NK education in environments with normal MHC I expression cannot be
excluded.

The MHC-dependent education of unlicensed, peripheral NK cells by host MHC class I, in
trans, might be relevant to human therapies, particularly NK cell-mediated control of
neoplasia [60–62]. Adoptive transfer of NK cells into tumor-bearing hosts may result in
licensing of donor NK cells by host HLA class I [63]. These cells may be able to mount an
attack against tumors which have down-regulated host HLA molecules. Similarly, donor NK
cells that are already licensed in the donor may become more potent effector cells when
receiving additional licensing signals through host HLA molecules and might be able to
mount a more vigorous attack, as postulated by the “tuning” model.

Fine tuning of licensing?
We have discussed licensing as an all or none phenomenon, but this might be related to the
original experimental systems that were designed to robustly detect the effect of various
factors on education. Under the tuning or rheostat model, NK cells acquire function in a
graded manner depending on receptor—self-MHC interactions [64]. NK cells with more
inhibitory receptors that are capable of interacting with different self-MHC class I alleles are
functionally more responsive to activation receptor stimulation than NK cells with fewer
self-MHC class I contacts. Accordingly, in mice with different numbers of MHC alleles
[65], NK cell function is greater in hosts expressing multiple MHC class I alleles, indicating
a positive correlation between expression of MHC I alleles and education or licensing of the
NK cell population. In particular, for an individual NK cell, the more inhibitory receptors
capable of binding host MHC I molecules the greater the NK cell effector function [66,67].
Therefore, it appears that there is a positive correlation between the number of inhibitory
receptors contacting self-MHC and increased NK cell function.

The affinity between an NK cell receptor and its MHC I ligand also seems to impact NK cell
licensing [68]. Studies of MHC-congenic mice revealed that Ly49A+ NK cells were
differentially licensed, depending on the MHC haplotype expressed. This effect could be
rank ordered and correlated with the degree to which the given MHC haplotype inhibited
killing by Ly49A+ NK cells. The extent of effector inhibition by the MHC haplotype was
greater than the licensing effect, suggesting licensing is less sensitive to receptor-MHC
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ligand interactions than effector inhibition. This is supported by experiments using a mutant
form of Ly49A, which inhibited killing, but did not to license the NK cells [55]. These data
suggest a protective effect whereby MHC alleles do not educate NK cells that cannot be
inhibited, else autoreactivity would ensue.

These data indicate that licensing is not an “on or off” process. Rather, it appears to vary
depending on signal strength. The licensing signal varies at the organism level with respect
to the number of host MHC alleles, the cellular level with respect to the number of different
NK cell receptors on a given cell interacting with host MHC, and at the receptor level with
respect to apparent affinity for self-MHC.

Licensing has also been studied in the context of host heterozygosity or homozygosity for
MHC alleles, which provides a gene dosage effect of potentially none, one, or two alleles for
an NK cell receptor [24,68]. The data from in vitro assays of NK cell education indicate that
a single self-MHC class I gene (as in a heterozygote) is sufficient for the full licensing effect
for a given self-specific receptor in both mice and humans. These findings are somewhat
surprising given the considerations above. However, epidemiological data indicate that
homozygosity at both the KIR and HLA loci are needed to see an effect, such as resolution
of hepatitis C virus infection [69]. These epidemiological findings are difficult to explain in
terms of effector inhibition alone which would predict more inhibition, but is consistent with
enhanced licensing. If so, however, the requirement for HLA homozygosity for enhanced
licensing is at odds with licensing effects on NK cells where MHC effects due to
heterozygosity are similar to homozygosity. These discrepancies are as yet unresolved and it
is possible that the current in vitro licensing assays are not fully sensitive to MHC
heterozygosity effects, or epidemiological studies may be showing the summation of
multiple MHC effects, or indeed of other receptors, such as activation receptors [44].

Less is more?
While data supporting the gain-in-function component of the tuning hypothesis grow, other
data [70] seem to dispute the theory that more inhibitory interactions increase the potential
for NK cell function. In the context of viral infection, NK cells expressing inhibitory
receptors for self, i.e., licensed NK cells, are less protective than unlicensed NK cells.
Furthermore, licensed NK cells showed less robust proliferation following infection.
Additionally, injection of licensed NK cells into neonates offered less protection from
MCMV infection than injection of unlicensed NK cells. It was concluded that the benefits of
licensing are negligible and offset by the liabilities of a cell population with restricted
function.

It is important to consider that licensing accounts for self-tolerance and steady-state function
of NK cells in a non-inflammatory situation and that conditions during viral infection are
different from those in the uninfected environment [21]. When the licensing hypothesis was
first proposed, it was noted that cytokine stimulation appeared to “override” the MHC-
dependent effects of licensing, in that unlicensed NK cells showed enhanced activation
receptor function following cytokine exposure [21]. Similar findings have been reported
with human NK cells [71]. It was proposed that unlicensed cells might function in viral
infection [21,31,71], a setting dominated by strong inflammatory cytokine production and
generalized NK cell activation [72,73]. In this setting, a strict requirement for MHC-
dependent education and subsequent inhibition by self-MHC might be overruled by the
host’s need to quickly eradicate an infection, allowing unrestrained NK cells to attack [70].
In this case “education” (in terms of acquisition of function) would occur via an alternative
pathway that does not involve MHC (Fig 2).
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Loss of function: Tuning down or anergy?
When NK cells from an MHC-sufficient mouse are transferred into an MHC-deficient host
they become hyporesponsive. These data suggest that licensing is reversible, and imply that
a licensed NK cell in a WT mouse must continually sample the MHC class I environment to
maintain its licensed or educated state [53]. In such a scenario, NK cell education is a
dynamic process that occurs during the entire lifetime of the NK cell, rather than as a single
event such as with positive selection of T cells.

Loss of MHC class I contact with a previously engaged inhibitory receptor can also lead to
NK cell activation as opposed to a decrease in function. Cells that lack MHC class I
expression are eliminated when injected into WT mice, as a result of host NK cell activation.
Such data imply stimulation through an as yet unknown activation receptor on WT NK cells
for a ligand expressed on MHC I-deficient cells, suggesting that transfer of WT NK cells
into an MHC-deficient environment could lead to chronic stimulation and resultant anergy,
as seen in mice ectopically expressing activation receptor ligands as already discussed [37–
40]. Thus, the loss of WT NK cell function in an MHC-deficient environment could be due
to loss of the education or licensing effect or due to anergy from chronic stimulation, among
other possibilities. Current data do not permit discrimination among these possibilities.

Concluding remarks
Licensing, the education of NK cells by self-MHC, provides a unifying hypothesis that
extends the missing-self hypothesis and also helps explain hybrid resistance. Recent data
from a number of laboratories indicate that licensing effects vary in relation to the strength
of the licensing signal. Moreover, MHC-dependent licensing effects on NK cell function can
be bypassed depending on the context, such as viral infection.

While much progress has been made in understanding the role of MHC-specific receptors in
NK cell education, there remain many unanswered questions. Primarily, the exact molecular
mechanisms dictating licensing, including the identities of intracellular signaling molecules,
as well as their targets, remain unknown. Additionally, the identification of a marker for
licensed NK cells, other than a functional assay, would greatly aid research into the
longitudinal aspects of their function. Much remains to be discovered for full understanding
of the processes underlying NK cell education.

Glossary

Missing-self Hypothesis to explain why NK cells are better able to attack cells lacking
MHC class I molecules. NK cells survey tissues for normal levels of MHC
class I molecules that are generally ubiquitously expressed. In the presence
of normal target cell expression of MHC class I, NK cells do not attack,
but NK cells can detect when MHC class I is down-regulated, such as in
viral infection. NK cells can then attack MHC class I-deficient cells.

Hybrid
resistance

A phenomenon by which F1 hybrid mice reject parental bone marrow
grafts, defying the classic laws of solid tissue transplantation. Described
nearly 50 years ago, it is now recognized that hybrid resistance is mediated
by host NK cells in an MHC-dependent manner.

NK cell
education

A broader definition of host effects on NK cell function which could which
could include MHC-dependent (licensing) or MHC-independent effects.
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Licensing MHC-dependent process that results in enhanced capacity of NK cell to be
activated when stimulated through an activation receptor. Licensing is
mediated by a self-MHC class I-specific inhibitory receptor through its
ITIM and thus constitutes a second function for the MHC class I-specific
receptors that were first described in terms of inhibiting effector functions,
such as target killing.

Arming Hypothesis to explain the licensing effect. Postulates that self-MHC class
I-specific receptor delivers signals necessary for licensed phenotype.
Conceptually, the simplest model but it is difficult to reconcile with the
known role of ITIM in effector inhibition.

Disarming Second hypothesis to explain the licensing effect. Proposes the existence
of a self-specific activation receptor that, if unperturbed, leads to “anergic
state” where NK cells are hyporesponsive. The role of self-MHC class I-
specific receptors is to modulate this anergy. Conceptually, this can be
reconciled with the traditional role of MHC class I-specific receptor in
effector inhibition but it is more complicated than arming and requires
identification of the self-specific activation receptor normally causing
anergy.
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Figure 1. Effector responses of NK cells are regulated by inhibitory and activation receptors
NK cells express receptors specific for ligands expressed on targets. Under normal
circumstances, inhibitory receptors (in red) for MHC class I deliver signals that dominate
over stimulation through activation receptors (in green) (middle pair of cells). When MHC
class I is down-regulated, as in “missing-self,” activation receptors stimulate NK cell
cytolysis of a target via exocytosis of granules (left). When a target is “stressed,” ligands for
the NKG2D activation receptor are induced, as in “induced-self,” permitting NK cell
activation by overcoming MHC class I-dependent inhibition (right). Depicted here is granule
exocytosis against a target. NK cell responses also include cytokine production, regulated in
the same way by signaling through a combination of activation and inhibitory receptors (not
shown).
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Figure 2. Terminology of NK cell education
NK cell education (acquisition of effector function) can be divided into two major processes:
MHC-independent and MHC-independent. MHC-dependent education, otherwise known as
licensing, could be due to two major possible mechanisms, arming or disarming. The arming
hypothesis proposes that the self-MHC-specific receptor confers the signals necessary to
confer the licensed phenotype whereas the disarming hypothesis suggests the presence of a
self-specific activation receptor. If unperturbed, this activation receptor results in chronic
stimulation and an anergic-like, hypofunctional state. The self-MHC-specific MHC receptor
would then modulate the action of the activation receptor and lead to a licensed NK cell.
MHC-independent education could arise from non-MHC-specific receptors or cytokine
stimulation.
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Figure 3. Licensing results in two types of self-tolerant NK cells with respect to self-MHC
Depicted is the situation in a mouse expressing only H2Dd which, for the sake of simplicity
in this diagram, can only be recognized by Ly49A and not by Ly49C. Due to stochastic
(probabilistic) [74] expression of Ly49 receptors, only cells expressing Ly49A will engage
H2Dd as self-MHC, resulting in licensed NK cells. When their activation receptors are
cross-linked, they readily produce cytokines. They are also capable of attacking targets
lacking self-MHC and are tolerant to self because they are inhibited by self-MHC, through
the same receptor (Ly49A) that conferred licensing. By contrast, NK cells not expressing
Ly49A are not licensed by self-MHC, even though they express another Ly49 receptor such
as Ly49C. They poorly produce cytokines when their activation receptors are cross-linked,
and they are tolerant to self because they cannot be activated by targets, even those lacking
self-MHC. In this context, inhibition by MHC I is not needed to achieve tolerance. To avoid
clutter, activation receptors that trigger killing of susceptible targets are not shown. Adapted
from [31].
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Figure 4. Hybrid resistance is compatible with licensing
Depicted is the situation in a F1 hybrid mouse expressing H2Kb and H2Dd which, for the
sake of simplicity in this diagram, can only be recognized by Ly49C and Ly49A,
respectively. Both Ly49A+ and Ly49C+ NK cells are licensed by host MHC class I alleles.
However, since they are separately licensed, they manifest different reactivities against
parental targets lacking one or the other MHC class I allele, as illustrated. To avoid clutter,
activation receptors that trigger killing of susceptible targets are not shown.

Elliott and Yokoyama Page 16

Trends Immunol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Arming versus disarming models
Depicted are the two major mechanisms, arming and disarming, that have been proposed to
explain how the self-MHC-specific receptor confers licensing upon contact with self-MHC.
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