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Commentary

HLA class I specificity for natural killer cell receptor CD94NKG2A:
Two for one in more ways than one
Wayne M. Yokoyama*
Howard Hughes Medical Institute, Rheumatology Division, Washington University School of Medicine, St. Louis, MO 63110

Natural killer (NK) cells are lymphocytes that serve as com-
ponents of the early, innate, immune system, in contrast to B
and T lymphocytes, that provide acquired specific immune
responses. First described on the basis of capacity to kill
cellular targets, such as tumor and infected cells, NK cells also
can be activated to secrete cytokines that influence the sub-
sequent development of acquired immunity (1). With respect
to target recognition, NK cells appear to express two func-
tional types of receptors, one for activation and another for
inhibition (2). Activation receptors remain less well charac-
terized but include receptors such as NKR-P1 in rodents (3)
that can presumably recognize target cell ligands and stimulate
NK cell release of perforin- and granzyme-containing granules
that mediate target apoptosis. Inhibitory NK cell receptors,
specific for major histocompatibility complex (MHC; HLA in
humans) class I molecules, have been the subject of intense
investigation over the last few years, providing major advances
in understanding NK cell specificity (4). Such studies have also
provided support for the ‘‘missing-self’’ hypothesis that was
proposed to explain the effect of target cell MHC class I
molecules in providing protection from NK cell killing (5). NK
cells are hypothesized to survey tissues for the presence of
normal MHC class I molecules that are ubiquitously expressed.
When tissues express mutant MHC class I or lack expression,
such as during tumorigenesis or infection, this inhibitory
influence is released, permitting NK cell-mediated target lysis.
In recent issues of the Proceedings, two articles provide sig-
nificant insight into the physiologic mechanisms by which this
inhibition occurs (6, 7).

The MHC class I-specific inhibitory NK cell receptors fall
into two distinct structural groups of molecules containing a
single transmembrane domain (8). The Ig-like receptors are
(usually monomeric) type I integral membrane proteins that
include the human killer inhibitory receptors (KIR), whereas
the C-type lectin-like receptors are disulfide-linked dimeric,
type II integral membrane proteins. Among the lectin-like
receptors are the mouse Ly49 family and human CD94 and
NKG2 family. Despite their structural differences, both types
of receptors are polymorphic at several levels; the receptors
belong to several families of highly related molecules that also
display allelic forms. Furthermore, many of these molecules
are expressed on subsets of NK cells, and an individual NK cell
may express several different receptors. Both types of inhibi-
tory receptors mediate their effects through cytoplasmic se-
quences termed immunoreceptor tyrosine-based inhibitory
motifs (ITIMs) which can be phosphorylated and recruit
intracellular tyrosine phosphatase, SHP-1, that presumably
dephosphorylates components in the activation cascade (9). In
addition, both types of receptors also include related isoforms
that do not display ITIMs and may instead activate.

Given their highly related properties (selective NK cell
expression, MHC class I specificity, inhibitory signaling), it was
surprising that initial descriptions of each structural type of NK

cell receptor indicated that human NK cells expressed the
Ig-like receptors, whereas rodent NK cells expressed the
lectin-like molecules (8). This raised the speculation that each
species evolved structurally divergent NK cell receptors to deal
with missing-self. However, recent studies have indicated that
NK cells in humans, rats, and mice express receptors belonging
to either structural type. Interestingly, all known members of
each structural type and their isoforms are encoded by genes
that form separate genetic complexes, and, at least for the case
of the lectin-like receptors, the corresponding syntenic genetic
regions have been identified (10). Moreover, it is now clear
that an individual NK cell can express multiple different
isoforms of either structural type and that there is considerable
variability among individual NK cells with respect to the
repertoire of receptors expressed.

CD94, however, appears to be expressed on all human NK
cells (11) and its corresponding orthologue has been identified
in rodents, where it is less well studied (12–14). On human NK
cells, CD94 forms disulfide-linked heterodimers with mole-
cules belonging to the NKG2 family that require CD94 for
surface expression (15). Genomic studies indicate that
NKG2C–F are products of distinct genes, whereas NKG2A
and -B appear to be alternatively spliced from the same gene
(16). The cytoplasmic domain of CD94 is only 7 amino acids;
therefore, the signal transduction capacity of the heterodimer
is derived from the cytoplasmic domain of the NKG2 partner
chain (17). NKG2AyB contains ITIMs and is inhibitory,
whereas NKG2C does not contain an ITIM and is stimulatory.

Previous studies on the HLA class I specificity of CD94y
NKG2A were confusing. Its specificity appeared to be pro-
miscuous; interactions with classical HLA class I molecules
(class Ia) such as HLA-A, -B, or -C, and nonclassical (class Ib)
molecules such as HLA-G have been described (15, 18–23).
For example, transfection of a classical HLA class I molecule
into a susceptible target cell could confer resistance to killing
by an NK cell clone that expressed CD94yNKG2A but not the
KIR molecules. Moreover, this inhibition could be overcome
by a monoclonal antibody (mAb) reactive with most if not all
HLA class I molecules (such as mAb W6y32; specific mAbs for
individual HLA molecules are less readily available) or a mAb
specific for CD94. However, several closely related alleles were
apparently not recognized and there were discrepancies in
reproducibility. Nevertheless, it had become generally ac-
cepted that CD94yNKG2A specifically recognized individual
HLA-A, -B, -C, andyor -G molecules.

In this issue of the Proceedings, however, there is a deus ex
machina concerning HLA-E, providing an unexpected expla-
nation for discrepancies in previous findings and a new role for
nonclassical MHC class I molecules (6). HLA-E is a class Ib
molecule that is widely expressed and has limited polymor-
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phism (24–26). Similar to other MHC class I molecules, the
HLA-E heavy chain is expressed on the cell surface as a
noncovalent complex with b2-microglobulin (light chain) and
a peptide that occupies the peptide-binding (a1 and a2)
domain of the heavy chain (27). For most MHC class I
molecules, the peptide is an octamer or nonamer fragment
derived from degradation of cytoplasmic proteins, such as
housekeeping enzymes, or viral proteins in infected cells, by
the proteasome, a multisubunit catalytic complex (Fig. 1A).
These peptides are then translocated across the endoplasmic
reticulum (ER) into the ER lumen by TAP (transporter for
antigen presentation) for assembly with nascent class I heavy
chain and b2-microglobulin. The assembled complex is then
exported and displayed on the cell surface. In the absence of
an adequate peptide supply, such as when the cell lacks
functional TAP molecules, MHC class I molecules fail to form
stable, intact complexes at the cell surface. However, such
molecules apparently still cycle to the surface, where they can
be stabilized as intact complexes by experimentally providing
exogenous peptides if the peptides have the capacity to bind
the a1ya2 domains of the heavy chain. The endogenous
peptides bound to the heavy chain are a complex mixture
because the major constraints for peptide binding are only two
or three anchor residues that are oriented into the peptide
binding groove with smaller contributions from interactions
with side pockets of the groove. The anchor residues are
relatively invariant between peptides that have the capacity to
bind a given MHC class I molecule but many other amino acids
can be accommodated in the other positions of the octamery
nonamer, permitting a large number of different peptides to
bind. For HLA-E, however, there are additional constraints.
Although HLA-E expression is TAP-dependent (28, 29), its
peptide repertoire is largely comprised of the leader sequences
from other class I molecules, a situation previously noted for
the mouse Qa-1 molecule that shares other features with
HLA-E (30, 31). Furthermore, the leader sequences for
HLA-E or Qa-1 and certain other MHC class I molecules do
not bind HLA-E or Qa-1, respectively. Interestingly, HLA-E
and Qa-1 share an unusual feature involving the replacement
of otherwise highly conserved Thr-143 and Trp-147 by serines
(31). This could change one of the side pockets (F) in the
peptide binding cleft, perhaps accounting for the restricted
repertoire of peptides (29, 32). Hence, expression of HLA-E
or Qa-1 requires not only the normal production of these
molecules but also synthesis of certain classical MHC class I
molecules (Fig. 1B). Importantly, therefore, these findings on
HLA-E provide another possible interpretation of previous
studies involving the specificity of NK cell receptors.

Indeed, most previous studies on CD94yNKG2A specificity
were based on analysis of 721.221 cells that harbor HLA-E
transcripts (Fig. 1C). 721.221 cells do not express intact
HLA-E molecules on the cell surface because they lack an
adequate peptide supply due to deficient expression of other
HLA molecules. Intact HLA-E molecules can be expressed on
the cell surface by transfection of cDNAs encoding HLA
molecules or by addition of peptides representing the leader
sequences of HLA molecules (28, 29, 33). The former is exactly
the situation previously used to describe the specificity of
CD94yNKG2A for HLA-A, -B, -C, or -G—i.e., transfection of
an HLA molecule into 721.221 cells may result in expression
not only of the transfected HLA molecule but also of endog-
enous HLA-E. Moreover, there was a good correlation be-
tween capacity of a specific HLA molecule to confer resistance
and the ability of its leader peptide to bind HLA-E. Hence, the
paper by Lee et al. (6) evaluates the possibility that HLA-E is
directly recognized by CD94yNKG2A.

Lee et al. (6) demonstrate that transfection of 721.221 cells
with a chimeric gene encoding a molecule with the leader
sequence of HLA-A2 resulted in expression of HLA-E and
resistance to lysis by CD94yNKG2A-expressing NK cell clones

(6). Killing was restored by an anti-HLA-E-specific or anti-
CD94-specific mAb. Furthermore, expression of HLA-Cw4
conferred HLA-E-mediated protection through CD94y
NKG2A recognition as evidenced by restoration of lysis by
anti-HLA-E or anti-CD94yNKG2A but not anti-HLA-C
mAbs. In addition, stabilization of HLA-E on the cell surface
with exogenous peptides from appropriate leader sequences of
class I molecules conferred resistance to killing. By contrast,
HLA-E is not apparently recognized by the Ig-like NK cell
receptors. Therefore, HLA-E appears to be directly recog-
nized by CD94yNKG2A receptors on NK cells, leading to
inhibition by phosphorylation of the ITIM and SHP-1 recruit-
ment (34).

These observations and interpretations are further substan-
tiated by recent work from two other groups (32, 35). Related
approaches were utilized by Borrego et al. (35), who provided
additional information. In particular, addition of peptides
capable of binding HLA-E to TAP-deficient, HLA-E-
transfected, mouse RMA-S cells conferred protection against
human CD94yNKG2A-expressing NK cell clones. Further-
more, the capacity of peptides to confer protection could be
correlated with leader sequences of HLA molecules, such as
HLA-G, previously known to protect by transfection. In
addition, Braud et al. (32) utilized a soluble form of HLA-E in
the form of tetramers and demonstrated binding to CD94y
NKG2A transfectants. Interestingly, the HLA-E tetramer also
bound to CD94yNKG2C, raising the possibility that HLA-E
could activate NK cells through this ITIM-less isoform that can
deliver stimulatory signals. Furthermore, the HLA-E tetramer
was derived from constructs expressed in bacteria and there-
fore devoid of glycosidic residues. Although CD94 and NKG2
molecules are homologous to the C-type lectin superfamily,
which contains other members that bind carbohydrates, and
MHC class I molecules have conserved Asn-linked glycosyla-
tion sites, the capacity of CD94yNKG2A to bind MHC class I
molecules is not carbohydrate-dependent. Similar conclusions
have been recently reported for another lectin-like NK cell
receptor, mouse Ly-49A (36). Taken together, there are abun-
dant data to substantiate the conclusion that CD94yNKG2A
directly recognizes HLA-E molecules rather than direct en-
gagement of HLA-A, -B, -C, or -G.

These data also suggest a conceptual framework with rele-
vance to the missing-self hypothesis in which at least two
different MHC class I molecules, HLA-E, and the MHC class
I molecule that provides the leader peptide, contribute to
simultaneous recognition by a single NK cell receptor, CD94y
NKG2A. Inasmuch as Qa-1 has features similar to those of
HLA-E and rodent NK cells express transcripts for CD94 and
NKG2 molecules, related studies should be forthcoming in
rodent NK cell systems because this ‘‘two for one’’ system
appears to be capable of gauging the health of a cell (at least
of the MHC class I assembly pathway) as determined by
HLA-E expression. Interestingly, other C-type lectin-like NK
cell receptors, such as mouse Ly-49A, have no peptide spec-
ificity, but peptide is required for recognition of its MHC class
I ligand, again providing a means to evaluate the health of the
cell, as previously proposed (37, 38). On the other hand, the
KIR molecules appear to have some specificity for the peptides
themselves (39). It is noteworthy that viruses manifest several
strategies to subvert the MHC class I assembly and antigen
presentation pathway at different steps, resulting in interfer-
ence in the capacity of antigen presentation to MHC class
I-restricted cytotoxic T lymphocytes (40). However, this in-
terference also will result in down-regulation of HLA-E and
other MHC class I molecules, enhancing NK cell activity. NK
cells therefore appear to have different receptor systems to
evaluate missing-self, such as in the context of viral infections.
How these receptor systems provide a integrated signal to the
NK cell needs to be explored.
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The HLA-E story also provides a cautionary note. In the
April 14 issue of the Proceedings, Paul et al. (7) suggest that
malignant melanoma may be correlated with HLA-G expres-
sion that is not normally expressed, and metastatic lesions have
enhanced HLA-G expression. This would provide an inhibi-
tory mechanism for tumor cells to evade NK cell-mediated
effects, an important conceptual advance. However, given the
new information with regard to HLA-E, of which Paul et al.
were unaware, the findings could be due to enhanced HLA-E
expression as a result of HLA-G up-regulation. Furthermore,
the role of HLA-G in conferring resistance of fetal tissues to
maternal NK cells could be due to a similar mechanism (41,
42). Perhaps this HLA-E-based mechanism explains the ca-
pacity of HLA-G2 molecules to confer protection even though
it lacks the a2 domain. Although it is still plausible that these
results could be explained by direct recognition of HLA-G, a
reevaluation is required to explore whether HLA-E and HLA
class I leader peptide loading is involved in these systems. The
expression of HLA-E is generally not taken into account in
most experiments to date, and anti-HLA-specific mAbs may
cross-react with HLA-E, since mAbs specific for only HLA-E

have only recently been developed (28). Likewise, other ex-
amples of NK cell specificity for MHC class I may require
further examination and understanding of whether the puta-
tive NK cell receptor is directly recognizing the transfected
MHC class I molecule or its peptide in the context of another
MHC class I molecule, such as HLA-E or Qa-1. On the other
hand, the KIR molecules appear not to bind HLA-E and may
directly engage HLA-G (6, 32, 43), but further evaluation may
be necessary.

In any event, the capacity to inhibit NK cell activity with a
small repertoire of peptides that bind HLA-E raises the
possibility that high-affinity peptide mimetics could be devel-
oped to displace endogenous peptides bound to HLA-E. If
such peptides result in HLA-E destabilization or an HLA-E
conformation that is not recognized by CD94yNKG2A, the
possibility exists to exploit the potent killing activity of NK
cells in new therapeutic strategies.

Finally, another remarkable aspect of these findings (6, 32,
35) is the significant influence of a signal peptide on an
important immunologic recognition event. After completing
its mission, this portion of a protein was generally thought of

FIG. 1. (A) Synthesis and assembly of classical MHC class
I molecules. Nascent MHC class I heavy (MHCI) chains and
b2-microglobulin (b2-m) are generated in the endoplasmic
reticulum (ER) lumen (step 1). The heavy chain initially
associates with several different chaperone molecules (not
shown for simplicity) (step 2). Upon assembly with b2-m, the
MHCI-b2-m complex dissociates from the chaperones and
associates with TAP molecules (step 3), which facilitate the
transport of proteasome-degraded (step 4) small peptides
across the ER membrane (step 5). TAP also has other
assembly functions. The peptides then bind to the peptide
binding cleft of MHCI (step 6), forming stable complexes
that dissociate from TAP (step 7) and are transported to the
cell surface (step 8). If assembly is disrupted, such as with
TAP deficiency (as in the TAP-deficient RMA-S mouse cell),
MHCI-b2-m molecules do not form intact stable complexes
on the cell surface. The complexes can be stabilized by
addition of exogenous peptides, but only if these peptides can
bind MHCI (see ref. 27). (B) Synthesis and assembly of
HLA-E (and Qa-1) molecules. In contrast to classical MHC
class I molecules, HLA-E and Qa-1 bind peptides that are
derived from the signal peptides of classical MHC class I
molecules. The details of HLA-E synthesis and assembly are
forthcoming but presumably should otherwise resemble
those of classical MHC class I production, as initial studies
indicate similarities (28, 29). Nascent MHCI and b2-m are
generated in the ER lumen (step 1). In addition, nascent
HLA-E heavy chains are also produced that associate with
chaperones (step 2). Upon assembly with b2-m, MHCI-b2-m
complex dissociates from chaperones and associates with
TAP molecules (step 3) that are required, perhaps because
of chaperoneyassembly functions other than peptide trans-
port. Fragments of signal peptides from classical MHC class
I heavy chains then bind to the peptide binding cleft of
HLA-E, forming stable complexes that dissociate from TAP
(step 4) and are transported to the cell surface (step 5). If
assembly is disrupted, such as with a deficiency in peptide
supply because of lack of the classical MHC class I signal
peptides, HLA-E-b2-m molecules do not form stable com-
plexes on the cell surface. (Such is the case for 721.221 cells.)
These complexes can be stabilized by addition of exogenous
peptides only if these peptides can bind HLA-E, such as
leader peptides from classical MHC class I molecules. Thus,
HLA-E expression requires normal HLA-E and classi-
calHLA class I molecules and intact assembly pathways. (C)

Transfection of 721.221 cells with leader sequences of HLA class I molecules renders resistance to killing by CD94yNKG2A1 NK cells. 721.221
cells express HLA-E transcripts but no stable HLA-E molecules on the surface because the cells lack classical HLA class I molecules due to a
mutation. When HLA-C (and its leader) is transfected, HLA-E is also expressed, resulting in resistance to killing by CD94yNKG2A1 NK cells (6,
32, 35). The resistance is reversed (killing occurs) with antibodies that cross-react with HLA-E or CD94yNKG2A. If the leader sequence alone
is transfected (as part of HLA-E, for example), resistance still occurs despite absence of HLA-C. Moreover, addition of exogenous peptides,
representing the leader sequence of classical HLA class I molecules, stabilizes otherwise unstable HLA-E-b2m complexes and renders resistance.
An anti-HLA-C specific antibody does not reverse resistance in any situation. Finally, soluble HLA-E molecules bind CD94yNKG2A molecules
(not depicted) (32). The data therefore indicate a specific and direct interaction between HLA-E and CD94yNKG2A. n.a., Not applicable.
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as being useless and jettisoned as waste analogous to a rocket
booster once it had inserted a multistage spacecraft into space.
Moreover, some of the issues raised by the Qa-1 and HLA-E
investigations relate to other questions that should be of
interest to cell biologists. Are these leader peptides also
important for other cellular functions? Why are the Qa-1- and
HLA-E-associated leader peptides TAP-dependent when they
would presumably be in the ER already? Do the peptides
eff lux into the cytosol and then are transported back? Are
there other TAP functions besides transport that are being
revealed by these experiments, such as a chaperone-like prop-
erty (folding) or requirement for TAP in peptide loading (29,
44)? The myriad questions generated by these findings should
generate enthusiasm from a wide audience of immunologists
and cell biologists, yet another two-for-one from these inter-
esting studies.
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