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Adaptive natural killer (NK) cell memory represents a new frontier
in immunology. Work over the last decade has discovered and
confirmed the existence of NK cells with antigen-specific memo-
ries, which had previously been considered a unique property of
T and B cells. These findings have shown that antigen-specific
NK cells gain their specificity without the use of RAG proteins,
representing a novel mechanism for generating antigen specific-
ity, but the details of this mechanism have remained a mystery.
We have discovered that members of the Ly49 family of surface
receptors are critically involved in both the sensitization and the
challenge phases of an NK cell memory response, as is antigen
presentation from their binding partner, the class I MHC. More-
over, we demonstrate that the Ly49-interacting component of a
presented antigen dictates the specificity of the NK cell memory
response, implicating Ly49 receptors themselves in antigen-specific
recognition. Finally, we demonstrate that adaptive NK cell mem-
ories can protect against an otherwise lethal melanoma without
T cell or B cell support. These findings offer insight into the mech-
anism behind NK cell antigen specificity and demonstrate the clin-
ical potential of this adaptive immune cell.
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Adaptive immunity allows immune cells to remember a spe-
cific pathogen and direct a powerful immune response upon

reexposure. It is the basis for all vaccines and is responsible for
many medical success stories from the past two centuries. T and B
cells comprise the adaptive immune system and were considered
the only immune cells able to form adaptive immune memories.
Recent findings challenge this paradigm (1), suggesting that natural
killer (NK) cells—innate immune cells responsible for virus and
cancer immunity—also possess adaptive immune features, from
enhanced recall responsiveness (2) and memory pool formation (3)
to a full, T cell-like ability to mediate antiviral vaccination (4).
The NK cell’s enhanced recall responsiveness upon cytokine

treatment and ability to form a memory pool in response to cy-
tomegalovirus infection are both fairly well understood. However,
these phenomena depend on germline-encoded receptors with
defined cytokine or antigen-binding partners. In contrast, adaptive
NK memory cells are able to recognize chemical haptens (5, 6) or
virus peptides such as HIV glycoprotein (4), which are not mouse
pathogens and so likely have no germline receptor in mice. Unlike
T and B cells, NK cells do not use the recombination-activating
gene (RAG) complex to generate diverse, antigen-specific recep-
tors (5) and so must use a novel method of antigen specificity. In
the absence of a recombining receptor in NK cells, we hypothe-
sized that the Ly49 family of class I major histocompatibility
complex (MHC-I) receptors (encoded by the Klra genes) could
offer insight into the mechanisms behind NK cell antigen speci-
ficity, since MHC-I is a binding partner of the antigen-specific
T cell receptor as well. Moreover, adaptive NK cells from
C57BL/6 mice always express Ly49C or Ly49I (5), the only two
Ly49 receptors that engage MHC-I in this mouse (7).

Results
We crossed two lines of Ly49-modulated mice (8) onto the Rag1−/−

background (9) to remove T and B cells. The resulting Rag1−/−

Ly49KD mice have dramatically reduced expression of all Ly49
family members (8) in addition to lacking all T and B cells, while
the Rag1−/− Ly49KD-Itg mice have been transgenically rescued with
Ly49I, making all NK cells in these T and B cell-deficient mice
express Ly49I alone (SI Appendix, Fig. S1). We then tested adap-
tive memory in these mice using the mouse ear swelling test (Fig.
1A). Rag1−/− mice reacted to the chemical hapten 2,4-dinitro-
fluorobenzene (DNFB) only if they had been previously exposed to
the hapten, indicating memory (Fig. 1 B and C). This memory was
lost in Rag1−/− Ly49KD mice but was completely rescued by re-
storing Ly49I. This Ly49-dependent memory was also antigen-
specific, as memories to another hapten, oxazolone (OXA), did
not cross-react with memories to DNFB (Fig. 1D).
To rule out technical bias in these results, we correlated the ear

swelling data with the degree of cellular infiltration into challenged
ears (Fig. 1 E and F). Similarly, to rule out artifacts introduced by
using nonphysiological antigens such as chemical haptens, we re-
peated these ear swelling experiments using two peptide antigens,
SIINFEKL and SIYRYYGL, with similar MHC-I affinity (10),
again finding that NK cells display an antigen-specific, Ly49I-
dependent memory for several peptides (Fig. 1 G and H).
Although some CD8+ T cells do express Ly49C/I (11), these

cells are absent from our T cell-deficient mice, so our results are
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consistent with an NK-mediated phenomenon. Moreover, nu-
merous adoptive transfer studies in which NK cells from a sen-
sitized mouse are introduced into a naive mouse, which is then
tested for a transferred memory, have shown that NK cells are

responsible for adaptive memory in the absence of T and B cells
(3–6, 12). Nevertheless, we proceeded to corroborate these
findings and demonstrate that our Ly49I-dependent memory was
indeed NK cell mediated. Antibody-mediated depletion of NK
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Fig. 1. Ly49I expression is required for adaptive, T cell- and B cell-independent memory. (A) Schematic of the experimental ear swelling test. (B and C) Ear swelling
following hapten challenge of T cell- and B cell-deficient mice with the indicated Ly49 modulations. Short-term (B) and long-term (C) memory is indicated. (D) Ear
swelling for mice challenged with either the sensitizing hapten (solid lines) or an irrelevant hapten (dotted lines). (E and F) H&E staining of infiltrating cells into ears
taken at day 2 of the ear swelling response as in B. (Magnification: E, 20×.) Each point in F represents the median value obtained across seven fields in E. Horizontal
bars represent the mean value of these medians. (G and H) Ear swelling results using the indicated peptide antigens. *P < 0.05; **P < 0.01; ***P < 0.001.
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cells from Rag1−/− mice completely abrogated the ear swelling
response, while treatment with an irrelevant antibody had no
effect (Fig. 2A and SI Appendix, Fig. S2). Because the Rag1−/−

mice represent a severe immune remodeling that could have
unanticipated effects on NK cells (13), we repeated this experi-
ment in CD8α−/− mice, which lack CD8+ T cells but have normal
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Fig. 2. NK cells mediate Ly49-dependent adaptive immunity. (A and B) Ear swelling in Rag1−/− (A) or CD8+ T cell-deficient (B) mice after depletion of NK cells (NK1.1) or
all CD4+ cells (CD4). (C) Ear swelling in Rag1−/− or WT mice after depletion of all Ly49C/I+ cells, or Ly49G+ cells as a control. (D) Ear swelling following IFNγ neutralization
(using XMG1.2 antibody) in Rag1−/− and WT mice. (E) Ear swelling in Rag1−/− mice lacking perforin. Results are pooled from two experiments. (F and G) Ear sections
collected as in Fig. 1 were stained with anti-NKp46 to reveal NK infiltration. (Magnification: G, 20×; G Inset, 60×.) Each point in F represents the sum count of stained cells
across five fields. Horizontal bars represent the mean value of these sums. Arrowheads in G represent NK cells. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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CD4+ T cell and B cell levels and display normal humoral im-
mune responses (14). Again, NK depletion in CD8α−/− mice was
sufficient to eliminate memory responses to DNFB, while de-
pletion of CD4+ cells had no effect (Fig. 2B), consistent with
previous findings that CD8+ and not CD4+ T cells mediate the
response to DNFB in mice (15). We also confirmed in both
CD4−/− and MHC-II−/− mice that the DNFB ear swelling re-
sponse is intact, as expected (SI Appendix, Fig. S3).
We also performed antibody-mediated depletions of all Ly49C/

I+ cells or all Ly49G+ cells in Rag1−/− or normal WTmice (Fig. 2C
and SI Appendix, Fig. S2). As expected, Ly49C/I depletion
throughout the sensitization and challenge phases was sufficient to
prevent memory in Rag1−/− mice, while depleting the irrelevant
Ly49G+ cells had no effect. Neither depletion was effective in WT
mice, indicating that this Ly49C/I-dependent memory is distinct
from classical T cell-mediated memory, and so residual or con-
taminating T cells cannot account for the Ly49-dependent mem-
ory we observe in Rag1−/− mice. Similarly, we found that NK
memory responses fully depended on IFNγ, in agreement with
previous genetic work (12), while T cell memory did not (Fig. 2D).
IFNγ appears to be the principle mediator of adaptive NK re-
sponses, because perforin was dispensable for NK-mediated ear
swelling (Fig. 2E). Finally, we repeated the histological examina-
tion of inflamed ears described above but this time stained spe-
cifically for infiltrating NK cells and confirmed that NK cells are
significantly enriched in inflamed vs. nonresponsive challenged
ears (Fig. 2 F and G), again implicating NK cells as mediators of
the adaptive memory response in the absence of T cells.
We next sought to determine why Ly49C/I are required for the

memory response. Ly49C/I mediate a developmental maturation
process known as “NK cell education” or “NK cell licensing” (16–
18). It was possible that Ly49C/I were required for their ability to
license an NK cell and not for a direct role during the sensitization

or challenge phases of the memory response. We repeated the ear
swelling assay using nondepleting F(ab′)2 fragments of the Ly49C/I
and Ly49G antibodies, which would interfere with their target
Ly49’s binding ability but would not deplete the Ly49-expressing,
licensed NK cells (SI Appendix, Fig. S4). To our surprise, antibody
blockade of Ly49C/I—but not Ly49G—during either the sensitiza-
tion or challenge phase separately was sufficient to prevent NK cell
memory responses, indicating that Ly49C/I play some direct role in
the adaptive immune response beyond NK licensing (Fig. 3A).
Because Ly49C/I interact with MHC-I, which is itself required

for classical antigen presentation, we repeated the ear swelling test
in mice lacking MHC-I expression but with normal Ly49, con-
firming that NK cells, like their T cell counterparts, require MHC-
I expression for adaptive memory responses (SI Appendix, Fig. S5).
Unfortunately, this MHC-I–deficient model also results in de-
velopmentally unlicensed NK cells (17). To correct for this and to
determine whether MHC-I must present antigen during the NK
cell memory response, we sensitized mice to MHC-I–restricted or
MHC-II–restricted ovalbumin peptides (Fig. 3B). The MHC-I–
restricted peptide provoked NK cell memory as expected, but
the MHC-II–restricted peptide did not, despite being able to
provoke T cell memory. Taken together, these results indicate that
NK cell memory depends on Ly49’s ability to bind MHC-I and on
MHC-I’s ability to present antigen. Along similar lines, we tested
the ability of an H-2Db restricted peptide, RAHYNIVTF (19), to
provoke NK memory responses and confirmed that H-2Db is just
as capable as H-2Kb at presenting peptide to NK cells (Fig. 3C).
Because Ly49C/I binding and MHC-I antigen presentation

were both required during adaptive NK cell memory responses,
and because Ly49C/I interact with MHC-I, it was possible that
Ly49C/I were directly involved in antigen recognition. Ly49C+

cells have been reported to be sensitive to residues 2 and 3 of an
MHC-I–presented peptide (20). We hypothesized that if Ly49C/I
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Fig. 3. Ly49C/I are involved in direct antigen recognition. (A) Ear swelling following nondepleting antibody-mediated blockade of Ly49C/I or Ly49G during sensitization or
challenge phases as indicated. All groups were sensitized and challenged with DNFB except the naive group, which was only challenged. (B) Ear swelling in Rag1−/− or WT
mice following challenge with either the MHC-I–restricted ovalbumin peptide SIINFEKL (Ova-I) or the MHC-II–restricted peptide ISQAVHAAHAEINEAGR (Ova-II). (C) Ear
swelling in Rag1−/−mice following challengewith the H-2Db

–restricted HPV-E7 peptide RAHYNIVTF. (D and E) Schematic demonstrating the hybrid peptide design (D) used
to sensitize mice in a repeat of the ear swelling test (E). Mice were then challenged with the indicated peptide and examined for cross-reactivity with the hybrid peptide.
*P < 0.05; **P < 0.01; ***P < 0.001.
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were responsible for the NK cell antigen specificity, then pep-
tides that shared residues 2 and 3 would cross-react. Since we
had already shown that the peptides SIINFEKL and SIYR-
YYGL do not cross-react, we sensitized mice to a hybrid peptide
with the sequence SIYNFEKL and then challenged them with
either of the two peptides (Fig. 3D). SIYRYYGL cross-reacted
with the hybrid peptide, indicating that the antigen specificity of
adaptive NK responses depends on the Ly49-sensitive residues of
the presented peptide (Fig. 3E ). This result implicates Ly49
directly in the antigen-recognition process, suggesting an Ly49-
centric mechanism for adaptive NK cell memory.
Finally, a recent publication has identified a hapten that can

provoke NK cell memory to melanoma (6). We sought to con-
firm our findings and recapitulate these results using a more
clinically relevant protein vaccine. To date, our experiments have

used preprocessed antigenic peptides, so it is possible that the
NK cell responses we observed were an artificial reaction to
processed peptides and not the result of a physiological adaptive
response. However, we found that NK cells sensitized to whole
ovalbumin could react to SIINFEKL challenge (Fig. 4A) but not
to SIYNFEKL or SIYRYYGL (Fig. 4B), indicating that an ac-
tive immune process was converting ovalbumin to SIINFEKL
and presenting it to NK cells in these mice and that protein
vaccines could provoke adaptive NK cell responses.
We then vaccinated Rag1−/− mice with whole ovalbumin as a

surrogate tumor antigen or with bovine albumin as a negative
control and challenged them with B16F10 melanoma either
expressing the ovalbumin antigen or not (Fig. 4C). Amazingly,
50% of the vaccinated T cell-deficient mice were completely pro-
tected from the antigen-expressing cancer, remaining tumor-free
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Fig. 4. NK memory can mediate conventional cancer vaccines. (A and B) Ear swelling in Rag1−/− mice following sensitization with whole ovalbumin (Whole
Ova) protein and challenge with the MHC-I–restricted fragment of whole ovalbumin, SIINFEKL (A), or variant or irrelevant peptides as in Fig. 3 (B). (C) Tumor
growth in Rag1−/− mice following vaccination with the indicated whole protein and flank challenge with 1 × 105 B16F10 melanoma cells transgenically
expressing whole ovalbumin or parental, non–antigen-expressing cells as a control. Results are pooled from two experiments. (D) Immunohistology of tumors
at end point, performed and quantified as in Fig. 2. (Magnification: D, 20×.) (E) Statistical analysis for the tumor infiltration was performed by one-way
ANOVA followed by a Bonferroni post hoc test comparing members of the same challenge group. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
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throughout the experiment. Curiously, the tumor growth rate of the
vaccinated but unprotected mice was not different from that of the
unvaccinated groups, suggesting that protection was either complete
or nonexistent (SI Appendix, Fig. S6). Vaccines using single peptides
were less effective, showing only a modest reduction in cancer
growth (SI Appendix, Fig. S7). However, this allowed histological
examination of the tumors, confirming that NK cells from vacci-
nated mice were significantly enriched in antigen-expressing tumors
(Fig. 4 D and E).

Discussion
In this report, we show by genetic and antibody disruption that
Ly49C/I receptors are required for and are intimately involved in
adaptive NK cell memory and may be directly responsible for the
observed NK cell antigen specificity. Indeed, primates display adap-
tive NK memory (21), and killer cell Ig-like receptors—the human
analog to Ly49—are also peptide sensitive (22); a similar phenom-
enon may well exist in humans. We also show that adaptive NK cell
memory can mediate potent cancer vaccines. This finding is partic-
ularly exciting for cancer immune therapies, because NK cells are less
prone than T cells to autoimmune reactions and so may be safer
targets when provoking immune responses against self-antigens (23).
Our discovery that Ly49C/I are directly implicated in adaptive

antigen specificity is only the first piece of the NK antigen-
specificity puzzle. However, it raises the possibility that NK speci-
ficity arises from fine-tuning Ly49C/I’s antigen sensitivity and not
from any as yet undiscovered NK cell recombining receptor. One
intriguing possibility is that something akin to the specific self/
nonself discrimination employed by the tunicate Botryllus schlosseri
is at play. This tunicate is hypothesized to assemble splice variants
of the fester receptor in specific microclusters on its surface, so that
each microcluster has higher affinity for self than for nonself his-
tocompatibility molecules and therefore can distinguish between
the two (24). While Ly49 receptors are not known to exist in many
alternately spliced forms, the memory NK cell may fine-tune its
sensitivity by adjusting the expression of either Ly49C/I or MHC-I
so that the Ly49 receptors are more likely to bind to self-peptide–
presenting cis MHC-I molecules than to non–self-presenting trans
MHC-I, identifying their target antigen by its relative affinity for
Ly49 compared with self-peptide–bound MHC-I. However, this
assumes that nonself peptides have lower Ly49C/I affinity than self
peptides, which requires further investigation. Alternatively, Ly49C/
I may use the same activating pathways that induce the increased
responsiveness observed in licensed NK cells following Ly49C/I

stimulation. In either case, evaluating whether Ly49 peptide affin-
ities can explain the observed antigen specificity in adaptive NK cell
memory is now a top priority if we are to uncover how this sur-
prising immune response functions.

Methods
Complete methods can be found in SI Appendix.

Mice. Age-matched males and females were used in all experiments. Mice
were from the C57BL/6 background, either generated on that background or
backcrossed to it at least 10 times. For the Ly49KD-Itg mice, the Ly49I trans-
gene was maintained as a heterozygote, and transgene-negative animals
were used as Ly49KD controls. All breeding and manipulations were ap-
proved by the University of Ottawa Animal Care Committee and Dalhousie
University’s University Committee on Laboratory Animals.

Mouse Ear Swelling Test. For contact hypersensitivity, mice were sensitized to
0.5% DNFB (MP Biomedicals) in acetone or 5% 4-Ethoxymethylene-2-phenyl-2-
oxazolin-5-one (Oxa; Sigma-Aldrich) in 1:1 acetone/methanol. Naive controls
were sensitized to the appropriate vehicle. For peptide reactions, mice were
sensitized to the indicatedpeptides or proteins or to theadjuvant alone.Micewere
sensitized by hock injection of 25 nM of peptide in Complete Freund’s Adjuvant
(Sigma-Aldrich). Challenges were performed with the appropriate hapten carrier
or sterile PBS for peptides in the ear, far from the site of sensitization.

Tumor Vaccine and Challenge. Mice were vaccinated using the peptide or
whole protein in Complete Freund’s Adjuvant emulsion as above and were
challenged with 1 × 105 B16F10 cells, with or without ovalbumin expression,
by s.c. flank injection.

Statistical Analysis.Unless otherwise indicated, ear swelling datawere analyzed
by two-way repeated-measures ANOVA followed by Bonferroni post hoc test.
Cell infiltration counts were analyzed by Kruskal–Wallis test followed by
Dunnett’s post hoc test comparing all groups with the naive control. Tumor-
free survival was analyzed by the rank-sum test. Data are plotted as mean ± SE
or as individual data points with means indicated by a solid bar.
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