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Interplay of natural killer cells and their
receptors with the adaptive iImmune response

David H Raulet

Although natural killer (NK) cells are defined as a component of the innate immune system, they exhibit certain features
generally considered characteristic of the adaptive immune system. NK cells also participate directly in adaptive immune
responses, mainly by interacting with dendritic cells. Such interactions can positively or negatively regulate dendritic cell
activity. Reciprocally, dendritic cells regulate NK cell function. In addition, ‘NK receptors’ are frequently expressed by T cells
and can directly regulate the functions of these cells. In these distinct ways, NK cells and their receptors influence the adaptive

immune response.

Natural killer (NK) cells, a component of the innate immune system,
mediate cellular cytotoxicity and produce chemokines and inflamma-
tory cytokines such as interferon-y (IFN-y) and tumor necrosis factor
(TNF), among other activities'. They are important in attacking
pathogen-infected cells, especially during the early phases of an infec-
tionb2. They are also efficient killers of tumor cells and are believed to be
involved in tumor surveillance. The long-standing hypothesis that NK
cells exert an immunoregulatory effect is supported by recent evidence
of ‘crosstalk’ with dendritic cells (DCs), as will be reviewed below.

NK cells are lymphocytes and, like B and T cells, NK cells are
endowed with receptors specific for target cells. Unlike B and T cells,
however, NK cells use ‘hard-wired’ receptor systems, encoded by
genes that do not undergo variable-diversity-joining recombination
or sequence diversification in somatic cells>™. Also unlike B and T
cells, but similar to other innate immune cells®, NK cells use a mul-
tiple receptor recognition strategy, whereby an individual NK cell
can be triggered through various receptors independently or in
combination, depending on the ligands presented by the target cell
in a given encounter®’. Most of these receptors were originally dis-
covered in NK cells and are generally called ‘NK receptors’. Many of
them, however, are also expressed by other cell types, including T
cells and myeloid lineage cells, where their functions are usually less
well characterized.

This review will address aspects of NK cells that bear similarities to
adaptive immunity and also how adaptive immune responses are
influenced by NK cells, especially through the interaction of NK cells
and DCs. Also to be discussed is how the adaptive immune response is
shaped by NK receptors expressed directly by cells of the adaptive
immune system, especially CD8" T cells.
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Themes of NK cell recognition

The recognition strategies used by NK cells are diverse. These include
recognition of pathogen-encoded molecules; recognition of self pro-
teins whose expression is upregulated in transformed or infected cells
(‘induced-self recognition’); and inhibitory recognition of self pro-
teins that are expressed by normal cells but downregulated by infected
or transformed cells (‘missing-self recognition’). What follows are
examples of each.

Recognition of pathogen-encoded molecules

A form of pathogen-associated pattern recognition, as originally pro-
posed for macrophages and DCs?, is exemplified by the mouse Ly49H
NK receptor’. Ly49H, which is expressed by approximately half of NK
cells in certain mouse strains, is a member of the Ly49 family of recep-
tors!9712, Most Ly49 receptors are specific for major histocompatibil-
ity complex (MHC) class I molecules and are inhibitory in function.
This is due to the presence of immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) in the cytoplasmic tail that can associate
with protein tyrosine phosphatases. Ly49H, in contrast, is a stimula-
tory receptor by virtue of the absence of an ITIM. It is associated with
the DAP12 adapter protein, which contains in its cytoplasmic tail
immunoreceptor tyrosine-based activation motifs (ITAMs), which
can associate with protein tyrosine kinases of the Syk—Zap70 family.
Although Ly49H receptors use a signaling pathway distinct from the
that of Toll-like receptors (TLRs)!?, both receptor systems stimulate
immune system activation.

Ly49H is not known to bind MHC class I molecules and instead
binds to a product of m157 of mouse cytomegalovirus (MCMV)!3:14,
A dominant gene in certain mouse strains allows NK cells to control
MCMYV in the early stages of infection. This gene (KIra8) encodes
Ly49H, whereas the corresponding recessive allele corresponds to a
deletion of Klra8. The initial triggering of NK cells, which occurs
within 1-2 days of infection with MCMYV, does not require the action
of Ly49H'!>. However, blockade of Ly49H prevents early control of
MCMYV infections'® and only Ly49H" NK cells undergo sustained
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proliferation over several days after infection!”. These results suggest
that Ly49H functions as a pathogen-specific receptor that enables NK
cells to limit early-stage MCMYV infections and to undergo consider-
able proliferation. Other possible examples of NK receptors specific
for pathogens are the NKp46 and NKp44 receptors, which bind the
influenza virus hemagglutinin'®. These receptors are also involved in
recognition of tumor cells and will be discussed below.

Induced-self recognition

Another recognition strategy used by NK cells is exemplified by the
NKG2D receptor and possibly by other stimulatory receptors such as
NKp46, NKp44 and NKp30. The NKG2D receptor recognizes self
proteins that are upregulated on the surface of most tumors and many
infected cells. Although the tumor cell ligands for the NKp46, NKp44
and NKp30 receptors have not been identified, it is likely that these
ligands are also examples of induced self molecules.

NKG2D, like Ly49H, is encoded in the NK gene complex and is a
lectin-like type 2 transmembrane receptor!”. The receptor is expressed
by all NK cells and by certain T cell subsets (discussed in more detail
below). The NKG2D ligands are type I transmembrane proteins
encoded by the host genome: they include MHC class I chain—related
A chain (MICA) or B chain (MICB) in humans'® and a diverse family
of ligands shared by human and mice called the retinoic acid early
transcripts (RAET1) family, which includes Rae-1, H-60 and murine
UL16-binding protein-like transcript 1 (Mult1)!°7?2 in mice and the
UL16-binding protein (ULBP) or human Rae-1 proteins in
humans?®. All the ligands are distant relatives of MHC class I mole-
cules and adopt a MHC class I-like structure. However, none associ-
ate with 3,-microglobulin and, with the exception of human MICA
and MICB, most of the corresponding genes are in a gene cluster sep-
arate from the MHC.

The expression patterns of different NKG2D ligands differ and are
complex. In general, however, it seems that ligands are expressed
poorly on the surface of normal cells but are often upregulated in
tumor cells?* or infected cells. Ligand mRNAs are upregulated in cells
infected with cytomegalovirus®. In some cases this increase in tran-
scription leads to upregulation of NKG2D ligands on the cell sur-
face?®, but in other examples the virus genes encode proteins that
interfere with ligand expression?>?’. Signals associated with infec-
tions, such as TLR signaling, can lead to some upregulation of
NKG2D ligands on macrophages?3. Overall, it seems that cells use
intrinsic signals associated with tumorogenesis as well as extrinsic
and/or intrinsic signals associated with infections to regulate expres-
sion of NKG2D ligands.

Ligand expression by target cells provokes NK cells to attack the
cells and can enhance antigen-specific CD8+ T cell responses. In
vivo, ligand expression by subcutaneously transferred tumor cells
incites immune rejection of the tumor?%3°. Thus, the ligand upregu-
lation that occurs normally in tumorogenesis may activate immune
responses that can in some cases eliminate the tumor cells or impede
their growth or spread. Although it is not yet possible to estimate the
effectiveness of this response in tumor surveillance, the existence of
many ligand-expressing tumor cell lines and primary tumors indi-
cates that evasion of the response occurs frequently. In the case of
certain human tumors, evasion may involve shedding of a soluble
form of the MICA ligand into the circulation, where it binds to
NKG2D on lymphocytes and desensitizes the cells to subsequent
stimulation via NKG2D3!.

At least three other stimulatory receptors have been linked to NK-
mediated lysis of tumor cells. NKp46, NKp44 and NKp30 are all
members of the immunoglobulin superfamily’>~34, NKp46 is
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encoded in the leukocyte receptor gene complex, which includes the
genes for many other immunoglobulin-related NK receptors, whereas
the NKp44 and NKp30 genes are in the human MHCH*. All three
receptors are associated in the membrane with ITAM-containing sig-
naling adapter molecules*. Receptor engagement is generally suffi-
cient to fully activate the NK cell.

Antibody blocking studies indicate that one or more of these recep-
tors and NKG2D may participate in activating lysis, depending on the
tumor cell line. Blocking all the receptors generally prevents tumor
cell lysis*. Many NK cells coexpress these receptors: the same cell can
use a different receptor or more than one receptor, depending on the
ligands expressed by the target cells.

The NKp46, NKp44 and NKp30 ligands on tumor cells have not
been identified. It is likely that the ligands are generally upregu-
lated on transformed cells relative to normal cells*. Thus, recogni-
tion by these receptors probably represents another example of
induced-self recognition.

Missing-self recognition

Missing-self recognition was the first recognition strategy discovered
for NK cells®>. The principle is that the NK cell is inhibited by recep-
tors specific for proteins expressed on the surface of normal cells.
Strong inhibitory interactions can even prevent the lysis of target cells
that express ligands for stimulatory NK receptors. Loss of the self pro-
tein, which can occur as a result of infection or transformation,
unleashes the NK cell to attack the target cell. Missing-self recogni-
tion is also used by other immune system components such as the
complement system?®. It is likely that missing-self recognition oper-
ates only when the target cell also expresses ligands for stimulatory
receptors expressed by NK cells. In this sense, missing-self recogni-
tion occurs in concert with various forms of stimulatory recognition,
rather than as a completely independent form of recognition.

Missing-self recognition of MHC class I molecules was first sug-
gested by the finding that tumor cells lacking MHC class I molecules
are generally the most NK cell-sensitive target cells*”. Even nontrans-
formed cells that lack MHC class I molecules as a result of gene-
targeting events are sensitive to destruction by NK cells*®. Hence, NK
cells preferentially attack self cells that have downregulated MHC
class I molecules as a result of infection or transformation.

The mechanism of missing-self recognition was elucidated by the
discovery of MHC-recognizing inhibitory receptors, including Ly49
receptors®, the killer immunoglobulin-like receptors (KIRs)*%4!, the
leukocyte immunoglobulin-like receptors (LIRs)*>*? and the CD94-
NKG2 receptors**74, The Ly49 and CD94-NKG2 receptors are lectin-
like type II transmembrane proteins encoded in the NK gene
complex, whereas the KIR and LIR genes are immunoglobulin-like
type I transmembrane proteins and are encoded in the leukocyte
receptor gene complex. Ly49 receptors have a prominent function in
mouse NK cells but are not functionally expressed in humans,
whereas KIR and LIR are important in humans but not in mice.
Genes encoding CD94-NKG2A function in both species. All of the
inhibitory MHC-specific receptors contain in their cytoplasmic
domains an ITIM that recruits protein tyrosine phosphatases essen-
tial for inhibitory function?’.

Each receptor family of this type also includes stimulatory isoforms
that associate with DAP12 and lack ITIMs, and many of these are spe-
cific for MHC class I molecules®°. The function of these stimulatory
MHC-specific receptor isoforms is uncertain, but it may be to enable
certain NK cells to attack target cells that express an MHC ligand, but
have extinguished expression of a distinct MHC ligand for an
inhibitory receptor’.
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Inhibitory recognition of classical MHC class I molecules (class
Ia) is mediated mainly by KIR in humans and Ly49 receptors in
mice*3, Despite the differences in structure and genetic origin, KIR
and Ly49 receptors are very similar in their pattern of expression
and function. Each family consists of relatively few genes in a given
individual (approximately ten), which bind different subsets of
MHC class I molecules’. In both cases, these receptors are expressed
on subsets of NK cells in an overlapping way so that each NK cell
randomly expresses an average of three or four receptor genes from
the available set. Each NK cell can therefore discriminate between
cells expressing different MHC alleles, selectively attacking cells
whose MHC molecules fail to engage the inhibitory receptors that
are expressed by the NK cell.

NK cells also carry out a second type of missing-self recognition
mediated by inhibitory receptors. The NKR-P1B and NKR-P1D
receptors are inhibitory members of the NK gene complex—encoded
NKR-P1 family of lectin-like type 2 transmembrane receptors®.
The ligand for NKR-P1B and NKR-P1D was recently identified as
Ocil, also known as Clr-b4%3%, Ocil, like the NKR-P1 receptors that
recognize it, is a member of a family of lectin-like type 2 transmem-
brane proteins, and the Ocil-Clr gene family members are inter-
spersed with NKR-P1 genes in the NK gene complex’. The
Ocil-NKR-P1 family interactions represent the only known cases
where the NK receptor and ligand are of the same structural type
and are encoded by closely linked genes. Ocil, like MHC class I
molecules, is broadly expressed by normal cell types and is often
downregulated in tumor cells®®. Thus, the Ocil-NKR-P1 interac-
tion may serve a function similar to that of MHC-Ly49 or MHC-
KIR interactions in enabling NK cells to discriminate transformed
cells from normal cells.

NK cells have a complex repertoire

The inhibitory MHC-specific receptors such as Ly49, KIR and
CD94-NKG2A are considered receptors of the innate immune sys-
tem, but some features of this recognition system are reminiscent
of adaptive immune receptor systems. Most salient is that each NK

998

Thymus (T cell repertoire)

9 0900
e

Death by neglect

Figure 1 Comparison of some features of the
formation of the NK cell and T cell repertoires.
The T cell (and B cell) repertoires are complex
because of the huge number of distinct antigen
receptors represented. Although there are many
fewer NK cell receptors, the repertoire is still
complex because of the random coexpression
of many possible combinations of NK
receptors. Unlike the T cell repertoire, many

of the NK cell receptors are inhibitory (red),
although some are stimulatory (green). In both
cell compartments, random expression of
receptors can lead to the appearance of
potentially autoreactive clones. In the case

of NK cells, this may occur because a clone
expresses a stimulatory receptor specific

for self cells and/or because the clone lacks
inhibitory receptors specific for self cells. Such
potentially autoreactive NK clones are silenced
possibly by multiple mechanisms, including by
being rendered hyporesponsive. Only a minority
of developing T cells express receptors that

are self MHC restricted. T cell clones that are
neither autoreactive nor self MHC restricted
die during T cell development. A comparable
positive selection step has not been
demonstrated in NK cell development.

CD4CD8 CD3~
precursor cell

restricted

4 4

cell expresses a different set of MHC-specific receptors, generating
a repertoire of NK clones with distinct specificities” (Fig. 1). The
process that the cell uses to activate expression of only a subset of
the genes encoding the KIR or Ly49 receptors in each cluster seems
to be initially random and usually results in expression of only one
of the two alleles at each locus of an expressed gene encoding Ly49,
KIR or NKG2A, a phenomenon called ‘monoallelic expression’>!.
The frequency of cells showing monoallelic expression of the genes
encoding Ly49 is regulated to some extent by a feedback mecha-
nism dependent on engagement of MHC ligands by inhibitory
receptors expressed during the process of NK cell development®2,
These features are at least superficially similar to features of the
processes that select immunoglobulin or T cell receptor (TCR)
variable-region genes for expression in developing B or T cells,
which also involves a largely random process of receptor variable
gene selection and results in allelic exclusion of receptor genes
through a feedback mechanism. There are, of course, considerable
differences in these processes, including the absence of gene
rearrangement in the NK receptor loci, the much smaller repertoire
of distinct NK receptors, the common expression of multiple
receptors by NK cells and the fact that monoallelic expression of
NK receptor genes is not stringent”.

Another important shared feature of NK cells and B or T cells
concerns self-nonself discrimination (Fig. 1). As in the adaptive
immune system, the clonally diverse repertoire of NK cells necessi-
tates mechanisms to prevent autoimmunity. Random expression of
receptor genes can theoretically lead to the appearance of NK
clones lacking inhibitory receptors specific for self MHC or clones
expressing stimulatory receptors for self MHC. Either type of NK
clone could potentially mediate autoimmunity, but a variety of
studies have demonstrated that self-tolerance is imposed somati-
cally’. The underlying processes are not well understood, but
include a mechanism that renders potentially autoreactive NK cell
clones hyporesponsive, similar in some respects to the state of
‘anergy’ or hyporesponsiveness observed in potentially autoreac-
tive B and T cells”>34,
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Figure 2 Comparison of NK cell and T cell activation and ‘clonal expansion’. Naive CD8* T cells and ‘resting’ NK cells are relatively noncytotoxic and
functionally nonresponsive; functional activities are induced during immune responses. Both types of cells undergo clonal expansion as well. Clonal
expansion of CD8* T cells is considerable. The frequency of naive T cells specific for a viral antigen is usually less than 1 in 10,000, but such clones expand
more than 1,000-fold during the first week after infection to form the effector cell pool. After considerable cell death, memory cells persist, representing
approximately 5-10% of the number of cells in the effector cell population. NK cells undergo a more modest clonal expansion in response to MCMV. Within
a day or so after infection, many NK cells of diverse specificity are activated to produce IFN-y. Subsequently, the 50% or so of NK cells that express Ly49H
undergo a selective expansion of about 10- to 15-fold, presumably as a result of engagement of Ly49H by the viral m157 product, expressed in infected
cells. Ly49H™ NK cell populations undergo a much smaller expansion. After several more days, the expanded Ly49H* population is believed to contract to
preinfection levels, consistent with the absence of substantial long-term memory in the NK response.

Similarities between NK and T cell activation

Although NK cells are usually thought of as constitutively active cells,
they actually exist in various states of activation. Unstimulated, or
‘resting, NK cells typically have relatively low functional activities ex
vivo. Strong functional activity is induced in vivo by a brief exposure
to NK-sensitive tumor cells?>*>, pathogens? or pathogen-associated
molecular patterns such as double-stranded RNA or CpG oligonu-
cleotides!. This process may normally involve interactions between
NK cells and DCs (discussed later). The resulting activated pool of
NK cells persists for several days, providing heightened NK cell-
mediated protection during this period. In some cases, especially
strong activation is restricted to an NK cell subset, such as the
Ly49H+ subset in mice infected with MCMYV. Shortly after the initia-
tion of infection, Ly49H+ NK cells undergo ‘clonal expansion’ and
accumulate over a period of a few days'> (Fig. 2). These features of
activation and clonal expansion bear some similarities to the priming
and clonal expansion of naive T and B cells (Fig. 2). There are, how-
ever, substantial differences. The frequency of antigen-responsive
cells is much lower in the case of T cells and the magnitude of the
expansion is much greater®®. Most importantly, although the
expanded Ly49H+ NK cell populations may help clear the virus, they
do not provide long-lasting NK cell-mediated memory.

Crosstalk between NK cells and DCs

NK cells influence the adaptive immune response in several ways and
by interacting with several cell types. These interactions also influence
the activity of NK cells. Crosstalk between NK cells and DCs is
believed to be especially important and may profoundly influence
both NK and T cell responses (Fig. 3).
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Activation of NK cells in vivo may be in large part due to interac-
tions with DCs, as first demonstrated in studies with mouse NK
cells’” and later generalized to human NK cells>¥7%. Freshly iso-
lated ‘resting’ NK cells proliferate and acquire cytotoxic activity
and the capacity to produce IFN-y when cultured for a few days
with DCs, but not when cultured with susceptible tumor target
cells®’ ™ (Fig. 3). In most studies, NK cell activation has required
direct contact with DCs®%°. Thus, receptor-ligand interactions
occurring between the cells are important, although DC-derived
cytokines are also involved. The receptor-ligand interactions may
differ for different DCs. DCs prestimulated with IFN-a upregulate
the MICA and MICB NKG2D ligands, which contribute to activat-
ing NK cells in cocultures'®. In mice infected with MCMYV, CD80+
DCs are necessary for the expansion of Ly49H+ NK cell popula-
tions and blocking Ly49H prevents NK population expansion®!. In
other cases, receptor-ligand interactions leading to NK cell activa-
tion by DCs have not been defined. The importance of the DC-NK
cell interaction in tumor rejection was suggested by the finding that
injected DCs or substances that activate DCs substantially augment
NK cell-mediated protection from transferred tumor cells®”

Communication between NK cells and DCs is not unidirectional.
In fact, the maturation of DCs stimulated by NK cells may represent a
key mechanism to bridge the NK response to the stimulation of T cell
responses (Fig. 3). In coculture with NK cells, immature DCs
undergo maturation, produce TNF and interleukin 12 (refs. 59,60)
and upregulate costimulatory ligands such as CD86. Efficient DC
activation in cell culture requires contact with NK cells, with the
NKp30 receptor being important in the interaction®. TNF produced
in the cocultures also contributes to DC activation®>%0. In the case of
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Figure 3 Reciprocal interactions of NK cells and DCs may influence the
adaptive immune response. Unactivated NK cells show relatively little capacity
to rapidly produce IFN-y or kill target cells. In cell cultures, NK cell activation
and modest proliferation is efficiently induced by interactions with DCs,
dependent on engagement of the NKp30 NK cell receptor by its undefined
ligand. Reciprocally, the interaction of NK cells with immature DCs (iDC) can
lead to two outcomes, which presumably have opposite effects on the T cell
response: maturation of the DC (mDC) or lysis of the DC. DC maturation results
in upregulation of MHC complexes and costimulatory molecules on the DC,
enabling productive stimulation of antigen-specific T cells. Upregulation of
MHC molecules, especially HLA-E, also protects the DC from NK cell attack by
engaging inhibitory NK receptors such as CD94-NKG2A. Presumably, the cues
that determine whether NK cells kill or activate immature DCs are central in
this immunoregulatory circuit but remain to be defined.

mice infected with MCMYV, virus-responsive Ly49H+ NK cells are
necessary for maintenance of CD8a+ DCs in the spleen®!. In a differ-
ent in vivo system, NK cells activated by encounters with MHC class
I'° tumor cells stimulate DCs to produce interleukin 12 and enhance
the induction of CD8+ T cell responses®®. The cell culture studies
support the conclusion that mature DCs resulting from NK interac-
tions are more effective at inducing T cell responses and NK responses
than are immature DCs>. T cell responses are further influenced by
IFN-y produced by NK cells, which promotes antigen processing and
presentation to T cells and T helper type 1 cell polarization.

Paradoxically, although NK cells promote the activation of imma-
ture DCs, they also kill them®%> (Fig. 3). Lysis of DCs is mediated
mainly by recognition through the NKp30 receptor and to a lesser
extent the NKp46 receptor®®°, Whether this occurs in DCs from
mice, which apparently lack the NKp30 receptor, remains to be deter-
mined. Immature DCs but not mature DCs are lysed by NK cells,
apparently because the mature DCs have high expression of HLA-E
molecules that can inhibit NK cell cytolysis, whereas the immature
DCs do not®’. In cell culture experiments, DC lysis is favored when
NK cells are present in excess of immature DCs, whereas DC activa-
tion is favored when DCs are in excess®.

The rules that govern whether immature DCs are lysed or activated
in vivo remain to be fully determined. Lysis of immature DCs might
be seen as one of several checkpoints for preventing T cell responses
in the absence of the microbial or viral signals necessary to induce DC
maturation. In the absence of these signals, lysis of immature DCs
with the potential to present self antigens could help prevent autoim-
mune reactions.

Adaptive immune system cells express ‘NK receptors’

The receptors that regulate NK cells are thought of as components of
the innate immune system, but many of them are also expressed by T
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cells and are probably important in the regulation of T cell responses.
Both inhibitory and certain stimulatory NK receptors are expressed
by subsets of T cells, including NKG2D and NKR-P1C stimulatory
receptors and the KIR, Ly49, CD94-NKG2A and LIR inhibitory
receptors®®. The discussion here will be limited to NKG2D, KIR, Ly49
and CD94-NKG2A.

The best characterized ‘NK stimulatory receptor’ expressed by T
cells is NKG2D. The receptor is expressed by CD8+ T cells, some yO T
cells and some NK1.1+ T cells!’. In mouse CD8+ T cells, NKG2D is
only expressed after the cells are activated through TCR signaling, but
in humans even unactivated CD8+ T cells express some NKG2D.
Although resting or recently activated CD4+ T cells do not express
NKG2D, CD4+NKG2D+ T cells have been found in the joints of
humans with rheumatoid arthritis®.

Expression of NKG2D ligands by target cells can enhance virus-
specific CD8+ T cell responses in vitro, especially production of
cytokines?®?°. In vivo, ligand expression by subcutaneously trans-
ferred tumor cells can enhance T cell responses specific for the tumor
cells?>70. The extent to which the enhancement of tumor-specific T
cell responses is due to the expression of NKG2D by CD8+ T cells
rather than being an indirect effect of NK cells or antigen-presenting
cells has not been fully elucidated.

In NK cells, NKG2D engagement is typically a sufficient signal to
trigger activation’!, but in CD8+ T cells receptor engagement usually
serves to enhance, or costimulate, responses to specific antigens®°. In
this manner, the ‘hardwired” NKG2D recognition system is exploited
for somewhat distinct tasks in the innate versus adaptive immune sys-
tems. The key shared feature is that receptor engagement can occur
only when ligand upregulation has occurred as a result of infection or
transformation. In the case of NK cells at some states of activation,
NKG2D engagement amplifies, or costimulates, a response stimu-
lated through distinct ITAM-associated receptors’?.

Costimulatory function in T cells is accomplished by the associa-
tion of NKG2D with the DAP10 signaling adapter molecule, which is
believed to be comparable in function to the CD28, inducible co-
stimulator and CD19 costimulatory receptors, and signals via phos-
phatidylinositol-3 kinase activation’>74, DAP10-associated NKG2D
may also amplify activation of NK cells stimulated through distinct
ITAM-associated receptors. The direct activating function of
NKG2D in NK cells seems to have multiple explanations. In mice,
NKG2D exists in two isoforms: one that associates only with DAP10
and another that associates with DAP10 as well as the aforemen-
tioned ITAM-containing signaling molecule DAP12 (ref. 75).
DAP12, which is expressed in NK cells but not T cells, is necessary for
NKG2D-induced cytokine production; it is also necessary for maxi-
mal cytotoxic activity by recently activated mouse NK cells”>. Highly
activated NK cells, however, apparently become less dependent on
DAP12 for cytotoxicity’®. The situation is different in humans, in
which a human NKG2D isoform that associates with DAP12 has not
been detected and NK cytotoxicity induced by NKG2D engagement
is believed to be mediated solely through DAP10 (refs. 77,78). It
remains to be explained how DAP10 signaling suffices to induce
cytotoxicity in NK cells but is not sufficient to trigger cytolysis by
most DAP10-expressing CD8+ T cells.

Inhibitory NK receptors expressed by T cells

Inhibitory MHC-specific receptors of the KIR, Ly49, CD94-NKG2A
and LIR families are in some cases expressed by T cells, especially
CD8+ T cells. Two patterns of receptor expression are seen, depend-
ing on the receptors studied. Some receptors, such as CD94-NKG2A,
are expressed rapidly after activation by most or all activated cells,
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whereas others, such as KIR and Ly49 receptors, are expressed sporad-
ically in conditions of activation that remain poorly defined”-8,
Indeed, in infected mice, most antigen-responsive CD8+ T cells do
not upregulate Ly49 receptors even in the case of infection with a
virus that causes chronic infections®®7°. One report demonstrates
that Ly49 receptor upregulation occurs when CD8* T cells are stimu-
lated by autoantigens in vivo, raising the possibility that it occurs as a
result of chronic stimulation in the absence of inflammatory sig-
nals®0. Consistent with this hypothesis, a substantial population of
CD8+ T cells, which accumulates with age and bears markers of
memory cells, expresses Ly49 (mouse) or KIR (human).

For unknown reasons, the capacity of inhibitory receptor engage-
ment by its ligand to inhibit T cell functions varies considerably in dif-
ferent studies®®. For example, engagement of the CD94-NKG2A
receptor failed to inhibit CD8+ T cells specific for lymphocytic chori-
omeningitis virus (LCMV), Listeria monocytogenes or ovalbumin’®,
but inhibition was observed for CD8+ T cells specific for polyoma
virus®!. The variable inhibition of T cell functions has led to the
hypothesis that inhibitory MHC-specific receptors may generally have
a distinct function in T cell biology. A possibility is that inhibitory
receptor engagement inhibits activation-induced cell death and conse-
quently enhances the accumulation of memory CD8+ T cells®2.

In addition to being expressed by CD8+ T cells, inhibitory NK
receptors are expressed by many NKI1.1+ T cells. Although the nor-
mal function of the receptors in NK1.1+ T cells is not established, one
study showed that chronic exposure of mice to the synthetic glycol-
ipid antigen for NK1.1+ T cells, a-galactosylceramide, results in a
large increase in the incidence of inhibitory Ly49 expression by
NKI1.1+ T cells®3. The inhibitory receptors prevent a functional
response to O-galactosylceramide, suggesting that the inhibitory NK
receptors can impose tolerance of NK1.1+ T cells. It remains to be
determined whether this also applies to other types of T cells.

Perspective

Although well accepted as a component of the innate immune system,
NK cells have features characteristic of the adaptive immune system,
such as a complex repertoire and modest clonal expansion of a virus-
specific subset during MCMYV infection. Although the clonal expan-
sion may not lead to potent NK cell memory, it may provide some
short-term protection from pathogens. From an evolutionary per-
spective, these commonalities of NK cells and B and T cells suggest
that clonal variation in specificity and clonal selection of specific cells
are valuable mechanisms in both the innate and adaptive immune
compartments, which have apparently evolved independently in these
distinct cell and receptor lineages.

It is likely that the importance of crosstalk between NK cells and
DCs will be increasingly appreciated as studies on this subject accrue.
DCs activated by microbial stimuli may represent a common stimulus
for the activation of NK cell responses in vivo. Conversely, by partici-
pating in the maturation of DCs, NK cells may amplify T cell activa-
tion, serving as one of several ‘alarm systems’ that effectively inform
the adaptive immune system of potential dangers. In other condi-
tions, the elimination of immature DCs by NK cells may repress T cell
responses. A principal unresolved issue is how the choice between
these opposing outcomes is regulated in physiological conditions.

Finally, an important challenge will be to clarify the physiological
significance of NK receptors expressed by T cells. In the longer term,
the bigger challenge will be to develop new approaches to understand
how these complex cellular and receptor interactions between NK
cells and the adaptive immune system are integrated to yield benefi-
cial immune responses.
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