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COMMENTARY

Natural killer cells might adapt their inhibitory
receptors for memory
Megan A. Coopera,1

Traditional teaching in immunology tells us that
antigen-specific recall responses are the realm of
adaptive immunity. However, over the past decade,
there has been increasing evidence and interest in the
concept of innate immune memory. Natural killer (NK)
cells are the founding member of the innate lympho-
cyte family, initially recognized more than 40 y ago for
their ability to kill tumor targets without prior sensiti-
zation across MHC haplotypes. Since that time,
germline-encoded NK cell receptors (NKRs) that
recognize class I MHC (MHC-I) molecules and deliver
“activating” or “inhibitory” signals dictating NK cell ed-
ucation and function have been found. A decade ago,
NK cells were discovered to have the capacity for spe-
cific recall responses to diverse antigens, akin to those
seen in T cells. The mechanism by which NK cells spe-
cifically recognize a wide range of antigens is unknown.
In PNAS,Wight et al. (1) provide evidence that inhibitory
NKRs might recognize antigen in the context of MHC-I
molecules to mediate NK cell memory responses.

The first evidence for NK cell memory responses
came when O’Leary et al. (2) demonstrated that a sub-
set of liver NK cells mediates hapten-specific contact
hypersensitivity (CHS) in Rag-deficient mice. Adoptive
transfer experiments of purified NK cells demon-
strated specificity of long-lived NK cell recall re-
sponses (2, 3). Three major types of NK cell memory
or memory-like responses are now recognized: antigen-
specific responses, CMV-adapted memory (in the
mouse reliant on a virally encoded ligand interacting
with a germline-encoded NK cell-activating receptor),
and cytokine-induced antigen-independent memory-
like responses (2, 4–7). Wight et al. (1) focus on antigen-
specific NK cell memory and investigate whether
Ly49 inhibitory NKRs can recognize antigen.

Antigen-specific NK cell memory has been dem-
onstrated for a wide variety of antigens, including
haptens, viral-like particles, and in the context of
infections such as influenza, vaccinia, and others
(reviewed in ref. 7). Memory NK cell responses can
be protective in vaccination models, and Paust et al.
(3) showed that administration of inactivated vesicular

stomatitis virus induced an NK cell population that
conferred specific protection to lethal viral challenge
in T and B cell-deficient mice. Prior sensitization with
monobenzone enhanced NK cell antitumor responses
to B16 melanoma tumor cells, thought to be due to
monobenzone “haptenizing”melanocyte antigens (8).
Although the concept of antigen-specific responses,
independent of Rag-mediated receptor recombina-
tion, challenges the paradigms of immunological
memory, results have been recapitulated in multiple
independent studies in the mouse, and there is evi-
dence of their existence in nonhuman primates and
humans (7, 9). The mechanisms by which NK cells,
which are not known to somatically rearrange recep-
tors, can sense a wide array of antigens are unknown.

Fig. 1. Rag-deficient mice were sensitized with peptides by Wight et al. (1) to
test NK cell antigen-specific recall responses in a model of CHS. While previous
studies demonstrated strict specificity for antigens, these investigators found
that peptides sharing the same amino acids at positions 2 and 3, thought to bind
NK cell Ly49C, exhibited cross-reactivity.
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Wight et al. (1) used the CHS model to test whether inhibitory
Ly49 NKRs are responsible for antigen recognition. In this model,
haptens (small molecules that alter self-proteins) applied to the
skin elicit specific recall responses in previously sensitized mice,
measured as ear swelling and inflammatory infiltrate. While clas-
sically used to interrogate adaptive immunity, when done in Rag-
deficient hosts lacking T and B cells, memory NK cell responses
are detected (2). Wight et al. (1) used a genetic model in which
Ly49 expression is severely reduced on a Rag1-deficient back-
ground to demonstrate that CHS to haptens and peptide antigens
is not observed but can be rescued by transgenic expression of
the inhibitory Ly49I receptor. Although suggestive of a require-
ment for Ly49 to recognize antigen, the model is complicated by
the fact that in the absence of Ly49 receptors, NK cells are known
to have poor function due to a lack of education (10). It was orig-
inally shown by O’Leary et al. (2) that NK cells with inhibitory
Ly49 specific for self-MHC mediate CHS, which was thought to
be related to an education requirement. Thus, it is difficult to
distinguish the requirement for Ly49 for education versus memory
response. Wight et al. (1) address this in two ways. First, they used
F(ab′)2 fragments of antibody to Ly49 receptors to inhibit
Ly49 interactions without depleting cells. They blocked either
Ly49C/I inhibitory receptors, which recognize MHC-I in C57BL/6
mice, or Ly49G inhibitory receptors, which do not have an
MHC-I ligand in C57BL/6 mice. Results show that blocking inhib-
itory Ly49C/I, but not Ly49G, during either sensitization or chal-
lenge abrogated hapten-mediated CHS in Rag1-deficient mice.
Second, they used MHC-I–deficient animals to demonstrate a lack
of NK cell-mediated CHS, although this is again challenging since
NK cells in this model are functionally deficient at baseline due to
an education defect. However, they then testedMHC-I– orMCH-II–
restricted ovalbumin peptides in a CHS model, demonstrating
that antigen presented by MHC-I (which binds Ly49s), but not by
MHC-II, can elicit an NK-mediated CHS response. Together, these
results suggest that antigen presentation by relevant MHC-I and
inhibitory Ly49 is required for NK cell antigen recall responses.

The authors hypothesize that because Ly49C binding has been
reported to be sensitive to residues 2 and 3 of MHC-I antigen, there
would be cross-reactivity of CHS responses to antigens with the
same amino acids in these residues (1). Having demonstrated that
peptides presented by MHC-I, but divergent at residues 2 and 3,
elicit specific NK-mediated CHS responses without cross-reactivity,
they tested a hybrid peptide that shares residues 2 and 3. Here,
Wight et al. (1) observed cross-reactivity (i.e., mice sensitized with
SIYNFEKL had a CHS response when challenged with SIYRYYGL,
but not with SIINFEKL) (Fig. 1). Notably, this experiment is the first
report of antigenic cross-reactivity in NK cell memory. These findings
suggest that it may be possible to induceNKmemory responses to a
wide range of antigens by taking advantage of shared residues,
although this will require additional testing. Lastly, they vaccinated
Rag1-deficient mice with ovalbumin, followed by administering a
melanoma tumor expressing ovalbumin protein. This vaccination
strategy provided significant protection from tumor, consistent with
prior studies using vaccination strategies targeting NK cells (3, 7, 8).

Many questions remain about the mechanism by which Ly49
receptors on NK cells might specifically recognize antigen in the
context of MHC-I. Wight et al. (1) propose several potential mech-
anisms, including alternative splice variants of Ly49 molecules and
fine-tuning of the assembled receptor to discriminate antigen,
citing a similar mechanism in a tunicate species. This remains un-
tested, and it will be important to determine the exact mechanism
of Ly49 recognition of antigens in future studies.

The study by Wight et al. (1) suggests that inhibitory NKRs pos-
itively regulate memory and NK cell function. It may seem contra-
dictory that an inhibitory signal would result in a more activated
state; however, such a concept is not new to NK cell biology.
Kim et al. (10) showed that inhibitory NKRs regulate NK cell edu-
cation by a process termed “licensing,” in which only those NK cells
bearing inhibitory NKRs capable of recognizing self-MHC acquire

Wight et al. provide evidence that inhibitory
NKRs might recognize antigen in the context of
MHC-I molecules to mediate NK cell memory
responses.

functional competence. Bern et al. (11) used a genetic model to
demonstrate that immunoreceptor tyrosine-based inhibition motif
(ITIM) signaling is required for licensing. One possible explanation
for this is that inhibitory receptors directly confer licensing through
the same signaling motif required for effector inhibition. That the
same receptor could confer outcomes perceived as positive or
negative is not unprecedented, as demonstrated by the T cell
receptor, which confers both positive and negative selection.
Thus, NK cell education by inhibitory NKRs points to their diverse
function and suggests that ITIM signaling is not necessarily a priori
inhibitory with respect to cellular function. The original report of
antigen-specific memory demonstrated that only apparently li-
censed NK cells with inhibitory NKRs recognizing self-MHC could
mediate antigen-specific memory (2). Whether this is due to a lack
of education or the inability to specifically recognize in the ab-
sence of inhibitory Ly49, as suggested by the results from Wight
et al. (1), is uncertain. As the current study did not investigate ITIM
and NKR signaling, it is unknown whether there is a mechanistic
link between the signals required for NK cell education and
memory formation.

Another question is whether lymphocytes capable of recognizing
a wide range of antigens are bona fide NK cells or represent an
alternate innate lymphoid cell (ILC) population. NK cells are the
original ILCs, a family of lymphocytes that includesmultiple subsets of
lymphocytes defined by their lack of dependence on Rag-mediated
receptor recombination and categorized based on functional attrib-
utes, sites of tissue residence, and differentiation requirements (12).
Phenotypically, antigen-specific memory NK cells appear to be bona
fide NK cells based on cell-surface expression of NK1.1 or DX5 and
Ly49 receptors; however,Wight et al. (1) show that NK-mediatedCHS
is perforin independent, suggesting that cytotoxic function is not re-
quired for memory in this context. Cytotoxic capacity is one of the
distinguishing functional attributes of NK cells that differentiates them
from ILCs. The transcription factors required for differentiation of
antigen-specific NK cell memory have not been tested, and this in-
formation will provide insight into their place in ILC biology.

There has been interest in the NK cell field to harness NK cell
memory for vaccine strategies. While the study by Wight et al. (1)
suggests that targeting inhibitory NKRs may be an effective ap-
proach, one caveat is that there are significant differences in the
structure of mouse and human NKRs. Interestingly, both mice and
humans appear to have evolvedwith structurally divergentNKRs that
serve to both recognize MHC and regulate NK cell function—an
example of convergent evolution (13). Ly49 receptors in mice are
lectinlike receptors that express intracellular ITIMdomains (inhibitory)
or partner with adapter proteins with activation motifs (activating).

11358 | www.pnas.org/cgi/doi/10.1073/pnas.1815756115 Cooper

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
11

, 2
02

1 

www.pnas.org/cgi/doi/10.1073/pnas.1815756115


www.manaraa.com

The major family of human NKRs, killer cell Ig-like receptors (KIRs),
similarly either express cytoplasmic ITIM domains or partner with
adapter proteins. Mouse and human inhibitory NKRs both down-
regulate NK cell cytotoxicity when engaged with self-MHC and me-
diateNK cell education. Thus, while they serve similar roles in NK cell
biology, it is unknown whether KIRs might recognize antigen.

The finding that inhibitory Ly49 receptors appear to recognize
antigen in the context of MHC-I provides the first potential clue
to the receptor basis of diverse antigen-specific NK cell recall
responses. Many questions remain regarding the signaling required

for memory NK cell differentiation and how receptors that are
germline encoded acquire the ability to recognize specific antigen.
Insights into these mechanisms have the potential to influence
our understanding of NK cells in human disease and vaccination
strategies targeting NK cells.
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