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Summary

Adaptive immunity has traditionally been considered a unique feature of vertebrate physiology.
Unlike innate immune responses, which remain essentially unchanged upon exposure to a
recurrent challenge with the same stimulus, adaptive immune cells possess the ability to learn and
remember. Thus, secondary adaptive responses to a previously encountered challenge are
qualitatively and/or quantitatively distinct from those elicited by a primary encounter. Besides this
capacity to acquire long-lived memory, the second cardinal feature of adaptive immunity is
antigen specificity. It has been generally believed that only T and B cells can develop antigen-
specific immunological memory, because these lymphocytes uniquely express recombination-
activating gene (RAG) proteins, which are necessary for somatic rearrangement of V(D)J gene
segments to assemble diverse antigen-specific receptors. However, recent work has uncovered
discrete subsets of murine natural Killer (NK) cells capable of mediating long-lived, antigen-
specific recall responses to a variety of hapten-based contact sensitizers. These NK cells appear to
use distinct, RAG-independent mechanisms to generate antigen specificity. Murine NK cells have
also recently been shown to develop memory upon viral infection. Here, we review recent
evidence indicating that at least some NK cells are capable of mediating what appears to be
adaptive immunity and discuss potential mechanisms that may contribute to RAG-independent
generation of antigenic diversity and longevity.
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Introduction

The innate immune system distinguishes itself from the adaptive immune system by usage
of a finite number of germline-encoded receptors to sense pathogens and tissue damage (1).
Innate immune cells are not subject to clonal selection and are not thought to develop
immunological memory. In contrast, the textbook view of adaptive immunity is that this
system is restricted to T and B cells, which rely on recombination-activating gene (RAG)-
dependent non-homologous end-joining and chromosomal DNA recombination of V(D)J
gene segments to generate a vast repertoire of highly diverse T and B-cell receptors (2).
Activation of T and B cells by a cognate antigen triggers proliferation and differentiation
into short-lived effector cells, which give rise to a population of long-lived memory cells.
The hallmark of immunological memory is the ability to mount accelerated and enhanced
recall responses upon challenge with a previously encountered antigen. Vaccines exploit the
body’s capacity to develop immunological memory, as vaccine-induced pathogen-specific
memory cells can either prevent an infection from taking hold or substantially shorten and
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alleviate the course of an infection by the actual pathogen. Many key components of the
adaptive immune system are shared among jawed vertebrates ranging from fish to humans,
providing evidence that this system has evolved hundreds of millions of years ago (3).
Innate pattern recognition receptors go even further back in evolutionary time and are found
throughout the animal kingdom.

Unlike the B and T cells, the third lymphocyte subset, natural killer (NK) cells, have long
been considered part of the innate immune system. Indeed, NK cells do not express RAG-
dependent antigen receptors. Rather, a well-established function of NK cells is to distinguish
healthy from abnormal somatic cells by screening them using an array of germline-encoded
pattern recognition receptors (4). However, two recent studies have uncovered evidence that
NK cell-mediated immune responses can have features reminiscent of adaptive immunity. In
this article, we briefly review current knowledge of the classic ‘innate’ NK cell functions
and the underlying molecular mechanisms, we discuss the available evidence for the
adaptive properties of certain subsets of NK cells, and we consider potential mechanisms to
reconcile these diverse activities.

Mechanisms of NK cell-mediated innate immunity

It is now clear that NK cells share a common progenitor with T cells, and they share with T
cells some of their effector functions, such as interferon-y (IFNy) release and perforin/
granzyme-mediated killing (5). Furthermore, many so-called ‘NK receptors’ are not actually
NK cell specific but are also constitutively and/or inducibly expressed on yd cells, NK T
cells, and activated CD8* T cells. However, NK cells are thought to be distinct from T cells
in that their activity is not regulated by a T-cell antigen receptor (TCR) but rather through
integration of a multitude of activating and dampening receptor signals, depending on the
presence and quantity of ligands in their environment. Unlike T cells, NK cells also do not
secrete interleukin-2 (IL-2) upon activation, and they can instantaneously lyse target cells
that bear appropriate activating signals without the need to undergo effector differentiation
(4). In this sense, mature NK cells appear to be in a constitutively primed state, as lysis of
target cells does not require gene transcription. In fact, effector molecules, like INFy,
granzyme, and perforin, are pre-synthesized and stored in cytosolic granules and are rapidly
released upon activation. This may explain why the ability of NK cells to develop memory
has long been overlooked; one cardinal feature of T-cell-mediated memory is an accelerated
effector response, which would not be apparent (and probably irrelevant) in the case of NK
cells that are constitutively poised for immediate action.

In humans, the largest subset of germline encoded NK cell receptors belongs to the killer
cell immunoglobulin (Ig)-like receptor family (KIR), which consists of a polymorphic
collection of type | transmembrane proteins that belong to the Ig superfamily. In mice, the
functional analogue to the human KIR receptors is the Ly49 family, a group of type Il
integral membrane, C-type lectin-like molecules (6). KIRs and Ly49s are constitutively
expressed on virtually all mature NK cells, which can express just one or a random assembly
of several of these receptors. Some of the KIR and Ly49 receptors recognize host-derived
major histocompatibility complex class | (MHC-1), but this recognition involves constant
regions and is mainly independent of any specific peptide presented in the MHC-1 complex.
Even though KIR or Ly49 receptor binding to MHC-1 is highly relevant for NK cell biology
in humans and mice, respectively, their genetic loci are not linked. Moreover, the fact that
human KIRs and murine L49s are functional orthologues but are structurally unrelated
implies that these molecules and their associated function may only have evolved very
recently in mammals. However, it seems likely that the NK lineage itself predates the advent
of these molecules, since NK-like nonspecific cytotoxic cells have been identified in more
primitive vertebrates, such as teleost fish (7). Thus, it appears reasonable to assume that at
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least some NK cells may exert immune functions that are much ‘older’ and distinct from
those associated with the modern KIR or Ly49 system.

Both human and mouse as well as fish NK cells also express a variety of more conserved
pattern recognition receptors (8,9). Mammalian examples include CD94, a lectin-like
heterodimeric receptor coexpressed with members of the NKG2 family, and natural
cytotoxicity receptors Nkp44, Nkp46, and FcR CD16 (8). NK cells can be activated through
ligation of activating receptors by either endogenous or pathogen-derived glycoproteins, as
well as by cytokines, such as type | IFN, IL-12, IL-15, and IL-18. Cytokines are sometimes
presented to NK cells in trans by other leukocytes with which NK cells interact.
Interestingly, NK cells can take up MHC-I from neighboring cells; as many as 20% of NK
cell-expressed MHC-I complexes can be ‘acquired’ in this manner (10,11).

NK cells in immunity, autoimmunity, and inflammatory disease

The importance of NK cell-mediated recognition of self-MHC-1 has recently been
highlighted in a number of studies focusing on mechanisms of self-tolerance in NK cells.
This biological process referred to as ‘licensing’ occurs during NK cell development and is
believed to assure that only NK cells capable of engaging self-MHC-I with one or more
specific inhibitory Ly49 receptors are allowed to become functionally responsive to certain
stimuli (12-14). Most NK cells express, on average, two or three Ly49-inhibitory receptors,
and the expression levels of the MHC-1 reactive Ly49 receptor(s) is modulated by the
amount of MHC-I. Interestingly, Ly49 receptors can bind in either trans or cis to MHC-I,
and it has been suggested that the signal transmitted by cis and trans interactions may be
qualitatively distinct (15). It is currently not understood which precise signaling pathways
mediate NK cell licensing, but there is strong evidence that NK cells that lack MHC-I-
specific Ly49 receptors are hyporesponsive to certain activating stimuli.

The importance of NK cell tolerance to self is highlighted in animal models of
autoimmunity. Depending on circumstances, NK cells can either augment or ameliorate such
diseases (16). It has been suggested that NK cells may initially protect against
autoimmunity, but they may exacerbate disease severity once a certain level of inflammation
has been reached. While this concept requires further investigation, it is noteworthy that in
the majority of studies, NK cell depletion exacerbated disease, while adoptive transfer of
bone marrow-derived naive NK cells reduced disease severity, for instance in mouse models
of experimental autoimmune encephalitis (EAE), a condition resembling multiple sclerosis
(MS) in humans, and type 1 diabetes. Accordingly, compared with healthy controls, patients
with active MS present with fewer NK cells and impaired NK cell-mediated effector
functions (16). Concurrent with these findings, treatment of patients suffering from MS or
autoimmune uveitis with a monoclonal antibody specific for the IL-2Ra chain (17) increased
the number of CD56Pr9t blood NK cells, which then killed autologous activated T cells
(18,19). Amelioration of disease correlated with NK cell expansion in the blood of
responder patients, while T-cell counts were only moderately affected (20). However, NK
cells have also been shown to augment autoimmune diseases in some settings. For example,
in non-obese-diabetic mice, autoimmune diabetes could be prevented after blockade of the
activating NK cell receptor NKG2D, suggesting that at least in some settings activation of
NK cells is required for disease induction (21,22). In humans, predisposition to rheumatoid
arthritis (23), psoriatic arthritis (24), scleroderma (25), and psoriasis vulgaris (26,27) has
also been linked to the expression of certain KIRs and human leukocyte antigen (HLA)
alleles; however, the precise role of NK cells in these diseases is not clear. Another example
of how chronically activated NK cells may pose a threat to human health are patients
deficient in Tap-2 (transporter associated with antigen-2), who suffer from chronic
respiratory infections and granulomatous lesions in the skin and respiratory tract caused by
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activated NK cells (28). As most endogenous signals that trigger NK cell function in these
diseases are unknown, it is unclear whether NK cells employ innate or adaptive (or both)
immune mechanisms to contribute to either the prevention or progression of autoimmune
disorders.

There is increasing evidence that NK cells can regulate the quality and magnitude of both
cellular and humoral adaptive immune responses. For example, NK cells can activate or kill
antigen-presenting cells (APCs) and regulatory T cells (29,30), augment cytotoxic T
lymphocyte (CTL) generation and effector functions (31,32), polarize or kill T-helper (Th)
cells, and enhance B-cell activation and isotype switching (33). Immature dendritic cells
(DCs) are particularly susceptible to lysis by NK cells that lack inhibitory KIRs/Ly49
receptors, while mature DCs are protected from lysis upon upregulation of MHC-I,
particularly HLA-E/Qa-1 (34). Upon maturation, DCs also upregulate MHC-II,
costimulatory molecules, and CCR?7, required for DC migration to lymph nodes (35-39).
Upon direct contact with mature DCs, NK cells secrete tumor necrosis factor-a (TNFa) and
INFy, which promotes Th1 polarization of activated Th cells. Once activated, T cells
themselves can become susceptible to NK cell-mediated lysis, because they upregulate
activating ligands for NKG2D. However, activated T cells can be protected by concomitant
expression of Qa-1-Qdm, a ligand for CD94/NKG2A inhibitory NK receptors (40,41).
Activated macrophages and human microglial cells are also sensitive to NK cell-mediated
lysis, via Nkp46 and NKG2D-mediated mechanisms (42). Hence, NK cells can indirectly
modulate adaptive immune responses by either augmenting or dampening APC and T-cell
effector functions through a variety of mechanisms.

A menagerie of NK cell subsets

There is mounting evidence indicating that myeloid and lymphoid leukocyte populations,
including NK cells, are divisible into numerous distinct subsets that exert unique effector
functions and are often identifiable by unique combinations of cell surface markers (43). For
example, human NK cells are commonly subdivided into a CD56%™ and a CD56P"9Nt sybset
(6). CD569M NK cells make up ~90% of blood NK cells; they express high levels of KIRs
and CD16 and are highly cytotoxic. In contrast, CD56PM9N NK cells are rare in the
circulation, but they make up 75-90% and 50% of resident NK cells in lymph nodes and the
spleen, respectively. Upon stimulation, CD56PM9nt NK cells, which express CD94/NKG2D
but not KIRs, produce cytokines and are poorly cytotoxic. Moreover, only CD56%M NK
cells are thought to develop in the bone marrow, whereas their CD562"9M cousins are
believed to arise within lymph nodes or the thymus.

A subset of thymus-derived NK cells has also been described in mice. These cells are
negative for Ly49 inhibitory receptors or CD16, but they express other NK markers, such as
NK1.1, DX5, CD94, and CD127 (44). Aside from this population, murine NK cell subsets
are not well defined. Mice harbor NK cells in various developmental stages in many
different anatomic regions of the body, including the blood, bone marrow, thymus, lymph
nodes, spleen, lung, intestine, and liver. As discussed above, individual NK cells express, on
average, a random selection of two or three members of the Ly49 family (6). This is also
true for NK cells that reside in different organs, but the relative frequency of subsets that
express any given Ly49 molecule varies from tissue to tissue (45). Additionally, each subset
may be further subdivided based on an assortment of non-uniformly expressed patterns of
other surface markers, such as CD11b, CD11c, CD27, CD43, CD69, CD90, DX5, and c-kit
(43). Some mature NK cells also express markers that are typically associated with DCs and
macrophages, such as CD11b, CD11c, and MHC-II (46,47). Currently, we do not have a
good understanding of the development and function of murine NK cell subsets and their
biological relevance. However, it should be noted that the enormous variability in the
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repertoire of germline-encoded surface receptors with activating and inhibitory (and in some
cases functionally undefined) properties can create substantial diversity within the NK cell
lineage, even in the absence of classic antigen receptors that require gene rearrangement and
non-homologous end-joining. This diversity in hardwired pattern recognition receptors can
account for the adaptive features displayed by a subset of NK cells responding to mouse
cytomegalovirus virus (MCMV) (48) (see below), but it remains to be determined whether
similar rules apply also to adaptive NK responses to other challenges.

NK cell-mediated adaptive immunity to viruses

MCMV has been used as a tool to study NK cell-mediated antiviral immune surveillance, as
this virus has evolved elaborate mechanisms to evade T and B-cell responses (49-52). NK
cells in C57BL6 mice express two activating receptors, Ly49H and Ly49P, which
specifically recognize the MCMV-derived proteins m157 and m04, respectively (49-51).
Ly49H does not contain an immunoreceptor tyrosine-based activating motif in its
cytoplasmic domain and instead signals via its associated signaling molecule Dap12 (53).
This signaling allows for the generation of mice that lack Ly49H* NK cells, as genetic
deficiency in Dap12 abolishes the development of this subset. A recent study by Lanier’s
group (48) has demonstrated that upon MCMYV infection of WTxDap12 knockout (KO)
mixed BMC mice, Ly49H" NK cells undergo an initial period of proliferative expansion
followed by contraction and, eventually, persistence of self-renewing memory cells. This
expansion is dependent on MCMV-encoded m157 but is only observed when hosts are first
rendered lymphopenic for Ly49H" NK cells. Adoptively transferred MCMV sensitized
Ly49H* NK cells expanded also upon secondary challenge with MCMV, at least under
conditions of Ly49H-lymphopenia. Adoptive transfer experiments showed that a 10-fold
larger number of naive than memory NK cells was necessary to protect non-immune mice
against MCMV challenge. Hence, NK cells, not unlike CTLs, are activated and proliferate in
response to a specific antigen that must be recognized by discrete activating receptors.
Following clearance of the pathogen, the expanded NK cell subset undergoes a contraction
phase and gives rise to a memory pool, which upon rechallenge provides for enhanced
immunity. As such, NK cells exhibit attributes of adaptive immunity (48) that they share
with CTLs, including clonal proliferation and long-lived memory cells that can give rise to
functionally enhanced effector responses upon reinfection. However, MCMV recognition by
Ly49H is restricted to mice of the C57BL/6 background, while other inbred mouse strains
and 90% of outbreed mice do not express NK cell receptors capable of direct recognition of
MCMV-encoded antigens. Further work is required to establish if activating NK cell
receptors generally promote NK cell memory differentiation upon their activation or if this
function is restricted to specific cases, such as Ly49H where the receptor and its cognate
pathogen have coevolved over eons. It is also not clear if this form of memory is
molecularly restricted to the initially encountered challenge. Since Ly49H* NK cells express
a variety of other activating receptors, it will be important to determine whether the ligation
of these coexpressed molecules on MCMV-primed NK cells can also result in enhanced NK
cell responses or whether the memory response remains restricted to signals perceived via
Ly49H.

NK cells have also been implicated in antiviral immunity in human, although it is unclear
whether this activity should be categorized as innate or adaptive. Recent studies of patients
with viral hepatitis and human immunodeficiency virus (HIV) infection have linked co-
expression of certain KIR and HLA class I alleles in infected individuals with disease
progression (54,55). Co-expression of the KIR3DS1 allele in conjunction with HLA-Bw4
complexes that encoded an isoleucine at position 80 (HLA-Bw4801) resulted in significantly
slower progression towards acquired immunodeficiency syndrome (AIDS) in HIV-infected
individuals compared to individuals that had only one or neither of these two alleles (54,55).
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KIR3DS1 expression was associated with a significantly elevated NK cell response against
HIV-infected target cells. NK cell responses were strongest in individuals that encoded for
both KIR3DS1 and HLA-Bw480I (54,55). Another example of direct NK cell-mediated
recognition of viruses is influenza (56). Influenza infection can directly activate NK cells via
Nkp46 and Nkp44 ligation through virally expressed hemagglutinin (HA) (56-60), leading
to rapid recruitment of NK cells and expansion of resident NK cells in lung tissue. NK cells
make up about 10% of lymphocytes found in healthy lungs, and rare patients deficient in
NK cells and CTLs suffer from severe respiratory and viral infections (61-66),
demonstrating the crucial role NK cells play during this disease. Likewise, Nkp46 and NK
cell-depleted mice also present with increases morbidity and mortality upon influenza
challenge (67,68). This outcome may be explained by a variety of factors, such as the
critical contribution by NK cells to the activation of CTL responses, their role as INFy-
producers, and their ability to augment T and B-cell effector functions. Additionally, it
should be noted that NK cells themselves might also mediate adaptive immune responses to
viral infections other than MCMV, although current published work is insufficient to draw
firm conclusions.

NK cell-mediated adaptive immunity to hapten-based contact sensitizers

A few years prior to the discovery of NK cell memory to MCMV, we reported (45) that NK
cells exhibit features of adaptive immunity in a different experimental system. This work
was prompted by the observation that different strains of T and B-cell-deficient mice (e.g.
RAG knockout, SCID, and nu/nu) mounted vigorous recall responses to hapten-based
contact sensitizers. Others independently reported similar findings (69). Haptens are reactive
chemicals that covalently modify self-proteins, which are then recognized as foreign
antigens. Through this mechanism, haptens induce allergic diseases referred to as contact
hypersensitivity (CHS), a form of delayed type hypersensitivity (DTH), which can affect
many organs and occurs in response to a wide variety of agents (70). Typically, a first
exposure to a hapten results only in a minor local irritation at the site of exposure, most
often the skin, but leads to sensitization in local draining lymph nodes resulting in the
establishment of long-lived antigen-specific memory. Subsequent exposure to the same
hapten generates a pathological CHS reaction that typically manifests itself as an itchy rash
with fluid-filled blisters and hives (71).

In a series of experiments using 2,4-dinitro-1-fluorobenzene (DNFB) or 4-ethoxy-
methylene-2-phenyl-3-oxazalin-5-one (OXA) or picryl chloride (PC) as experimental
contact sensitizers and an extensive panel of mutant mice, we determined that NK cells are
both required and sufficient to mediate hapten-specific CHS responses in the absence of T
and B cells (Tables 1 and 2). The requirement for NK cells in these experiments was further
corroborated by adoptive transfers of NK cell subsets to naive recipients (Table 3) and by
antibody-mediated NK cell depletion (Table 4). Moreover, by using fluorescence activated
cell sorting (FACS) analysis (Fig. 1) and confocal microscopy (45) of exposed tissues, we
determined that NK cells are actively recruited to sites of CHS upon challenge of sensitized
but not naive mice.

RAG-deficient mice mounted T and B-cell-independent CHS responses only when they
were challenged with the same hapten used during sensitization, but these mice remained
unresponsive when exposed to a different hapten (45). Moreover, following sensitization
(usually by hapten painting of shaved abdominal skin on two consecutive days), NK cells in
RAG-deficient mice recalled the sensitizing hapten for at least several months (45, authors’
unpublished data) (Table 2). Thus, mice devoid of T and B cells are capable of learning,
remembering, and discriminating between distinct antigens, which are the hallmark features
of adaptive immunity.

Immunol Rev. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paust et al.

Page 7

Further work using adoptive transfers of highly purified leukocyte subsets from sensitized
RAG-deficient donors led to the identification of a discrete population of liver-resident NK
cells that could mediate hapten-specific recall responses upon transfer to naive hosts (45)
(Table 3). The capacity to transfer a hapten-specific CHS response was enriched in a
discrete population of NK1.1* cells that expressed Thy1, Mac-1, Ly49C/I, and were
negative for CD27 in the liver of sensitized donors, while naive or sensitized splenic NK
cells did not mediate adaptive immune responses upon hapten rechallenge. Interestingly, the
expression of Ly49C/l, a licensing receptor in C57BI/6 mice, correlated with enhanced CHS
activity upon adoptive transfer, suggesting that adaptive NK cell-mediated immune
responses may depend on proper licensing during NK cell development. As expected and
consistent with published results of anti-Thy1.2 treatment of wildtype mice in which the
monoclonal antibody depletes both T cells and hapten-responsive NK cells (72), treatment
of sensitized RAG-deficient mice with anti-Thy1.2 abrogated CHS responses (45).
Similarly, treatment with a blocking antibody to NKG2D attenuated NK cell-mediated CHS
responses. However, NKG2D itself is insufficient to identify the NK cell subset able to
transfer CHS responses, since splenic NKG2D* NK cells did not transfer CHS responses.
None of the markers that were associated with the hepatic memory NK cells subset are
sufficient to confer hapten specificity, since a sizable number of NK cells in the spleen of
sensitized mice also coexpressed these markers, since all of them are found on splenic NK
cells, which are always incapable of hapten recognition in vitro and in vivo (45, authors’
unpublished data). In this regard, hapten-specific NK cells are notably different from
MCMV-specific memory NK cells, which were reportedly found in both liver and spleen
(48).

Sensitization of RAG KO mice can be achieved not only by skin painting but also by
subcutaneous or intravenous or administration of hapten-loaded antigen-presenting cells
(authors’ unpublished results). Irrespective of the route of antigen entry, it is likely that
sensitization of both T cells and NK cells occurs in secondary lymphoid tissues (73). Upon
skin painting, hapten is taken up by migratory DCs in the skin and transported to the
draining lymph nodes. Consequently, sensitization of both wildtype and RAG-deficient mice
is markedly attenuated when animals are pretreated with an antibody that blocks L-selectin,
a key homing receptor for lymphocyte trafficking to peripheral lymph nodes (45,73). Mice
deficient in L-selectin present with impaired CHS responses (74-76). Hence, we can piece
together a tentative road map for hapten-specific memory NK cells (Fig. 2): NK cells are
primed in peripheral lymph nodes of sensitized mice by DCs and/or other antigen-presenting
cells and subsequently enter the blood to migrate to the liver where they persist as long-lived
memory cells. During steady state, NK cell egress from lymph nodes into efferent
lymphatics requires S1Ps, the expression of which is regulated by T-bet (77), although it
remains to be seen if this pathway is also utilized by hapten-sensitized NK cells. Once NK
cells have accessed the blood and traveled to the liver, they likely respond to local signals
that induce their retention and/or survival and/or further differentiation. The nature of these
putative signals remains to be characterized. Upon hapten challenge of an ear, memory NK
cells depart from the liver and are recruited to the dermal site of exposure, a migration step
that does not rely on L-selectin but requires 2 integrins and endothelial P-and E-selectin
(45)(Table 5). Once the NK cells reencounter a cognate hapten, they become activated and
precipitate the recruitment of additional inflammatory leukocytes, such as neutrophils,
macrophages and DCs. Interestingly, in human patients suffering from atopic eczema and
dermatitis, NK cells are in close contact with DCs in skin lesions (78), suggesting DCs and
NK cells may be engaged in continuous communications at effector sites.

Immunol Rev. Author manuscript; available in PMC 2011 May 1.
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Differential gene expression of NK cells in different anatomic
compartments

One of the many open questions in the field are the mechanisms that render NK cells in the
liver functionally distinct from those in the spleen. Such differences have also been noted by
others (79,80). For example, several investigators have reported that hepatic NK cells in rats
and humans are more cytotoxic than blood NK cells against tumor cells (81-84).
Differences in gene expression between hepatic and blood NK cells have been analyzed in
the rat using microarrays (85). This analysis identified ~150 genes and expressed sequence
tags that were differentially expressed between the two subsets, including a number of genes
that could be functionally relevant for the observed differences. Examples include NKG2D,
NKG2C, CD94, ecto-ATPase, phosphatidylinositol 3-kinase and granule-associated effector
molecules such as granzymes and defensin NP3. Whether and to what extent these and the
many other anatomically restricted gene products contribute to the adaptive properties of
hepatic NK cells is currently under investigation.

Future directions

The phenomenon of antigen-specific NK memory is entirely unprecedented and suggests a
mechanism of immune recognition and memory that may be fundamentally distinct from
other cellular and molecular mechanisms of adaptive immunity. The finding that NK cells
retained an intrinsic memory of prior activation and may do so in an antigen-specific
manner, both functions until now attributed only to antigen-specific adaptive immune cells,
suggests that NK cells combine attributes of innate and acquired immunity when responding
to activating stimuli. Indeed, NK cells remembered prior activation to a variety of hapten
antigens, and MCMV-derived m157. However, there are important and still unresolved
differences between these two forms of NK memory: hapten-specific NK memory is not
restricted to a specific MHC haplotype nor does it require the expression of a specific
activating Ly49 receptor. By contrast, NK cell-mediated responses to MCMV depends on
Ly49H and H2-d° MHC-I. Moreover, MCMV-responsive Ly49H* NK cells appear to
confer memory regardless of the anatomic origin, while hapten-specific NK cell responses
were restricted to the liver. Interestingly, while both splenic and hepatic NK cells respond to
MCMYV infection, they do so in an organ-specific manner (86,87). In the spleen, perforin
mediates viral clearance, while IFNy mediates protection in the liver. It will therefore be
informative to directly compare splenic versus hepatic memory NK cells with regard to their
response to MCMV challenge using adoptive transfer strategies. It will also be important to
test if ligation of other activating receptors on MCMV-primed Ly49" NK cells triggers
enhanced ‘recall’ responses, which would clarify whether these memory cells are truly
antigen specific. Since the hapten-induced hepatic NK cells to not appear to rely on Ly49
molecules to mediate CHS responses (45), it seems likely that NK cells utilize more than
one mechanism with which they mediate memory responses. Hence, NK cell-mediated
effector functions during anti-tumor responses, allergic, and infectious disease may
clinically be more important then initially appreciated, and NK cells may be attractive
therapeutic targets for the treatment or prevention of such diseases. NK cell-directed
vaccination strategies may be possible, particularly for patients with compromised T and B-
cell function.

The molecular mechanism by which murine NK cells mediate antigen-specific responses in
a RAG-independent manner is currently unknown. Evidence for a RAG-independent
generation of a clonal repertoire of lymphocytes has been described in two jawless
vertebrates, sea lampreys and hagfish, which use recombinatorial assembly of gene
segments encoding leucine-rich repeats to generate diversified variable lymphocyte
receptors (3,88). These animals can generate adaptive, clonal immune responses to a variety
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of antigens, rejection of secondary skin allographs, and DTH responses. However, the
numbers of immune gene homologs to those of mammalian are comparatively low relative
to that of jawed vertebrates. It is tempting to speculate that the early vertebrates’ evolution
of an adaptive immune system was key to their survival over the past ~500 million years.
Whether other vertebrates have retained remnants of this ancient RAG-independent immune
system is unknown.
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Fig. 1. Sensitized Thyl+ NK cells accumulate at sites of challenge

C57BL/6 mice were sensitized by abdominal painting with DNFB or hapten-free solvent
(acetone) as a control on days 0 and 1, and one ear was challenged with DNFB on day 4,
while the opposite ear was concomitantly treated with acetone. Ears were harvested at
indicated time points after challenge, and single cell suspensions were analyzed by flow
cytometry for the presence of NK cells. Thyl and NK1.1 staining is shown after gating on
CD45*TCRBcells.
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Schematic representation of the sequence of events leading to hapten-specific NK memory

in CHS.
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Table 4
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Effect of treatment with NK cell depleting antibodies on the DNFB-induced CHS response in Rag-KO mice

Genotype Sensitization Ab treatment Challenge CHS
RAGKO C57BI/6 DNFB Isotype control DNFB Yes
RAGKO C57BI/6 Acetone Isotype control DNFB No
RAGKO C57BI/6 DNFB Anti-ThylmAb DNFB No
RAGKO C57BI/6 DNFB Anti-NK1.1 DNFB No
RAGKO C57BI/6 DNFB Anti-asialoGM1 DNFB No

C57Bl/6 DNFB Isotype control DNFB Yes
C57BI/6 Acetone Isotype control DNFB No
C57BI/6 DNFB Anti-NK1.1 DNFB Reduced
C57Bl/6 DNFB Anti-asialoGM1 DNFB Yes

Mice were sensitized with DNFB as described above. At 24 h before DNFB challenge, sensitized mice were depleted of NK cells with anti-asialo-

GML1 or anti-NK1.1. Control mice received rabbit 1gG or mouse 19G2a, respectively.
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Role of adhesion receptors in NK cell mediated CHS

Table 5

Genotype Sensitization Ab treatment Challenge CHS
RAGKO B6 DNFB Isotype control DNFB Yes
RAGKO B6 Acetone Isotype control DNFB No
RAGKO B6 DNFB Anti-CD18 DNFB reduced
RAGKO B6 DNFB Anti-L-selectin DNFB reduced
RAGKO B6 DNFB Anti-P+E-selectin DNFB reduced
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Rag-KO mice were sensitized with DNFB and treated intravenously with monoclonal antibodies (mAbs) specific for L-selectin (MEL-14), CD18
(GAME-46), P-selectin (RB40.34), and E-selectin (9A9) before DNFB challenge. All mAbs were given at a dose of 100 mg/mouse; anti-L-selectin

was given 24 h before sensitization, and all other mAbs were given 2 h before challenge.
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