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Abstract
Several recent studies have demonstrated that innate immune NK cells exhibit memory-like
properties with enhanced non-specific and specific recall responses. Cytokine activation alone of
murine NK cells induces the differentiation of memory-like cells that are more likely to produce
IFN-γ, a key NK cell cytokine important for activation of the immune response. Using an
adoptive co-transfer system, we first show that cytokine-induced memory-like responses are NK
intrinsic. However, engraftment of donor NK cells in NK-competent hosts is poor due to
homeostatic control mechanisms. Therefore, we utilized alymphoid Rag- and common gamma
chain (γc)-deficient mice as recipients and observed homeostatic expansion of co-transferred
cytokine-activated and control donor NK cells. Despite proliferation of all cells, NK cells derived
from those cells originally activated by cytokines retained an intrinsic enhanced capacity to
produce IFN-γ when re-stimulated in vitro with cytokines or target cells. These NK cell memory-
like responses persisted for at least 4 weeks in alymphoid hosts and 12 weeks in NK-competent
hosts. These findings indicate that memory-like NK cells can readily self-renew and maintain
enhanced function in a lymphopenic host for at least a month.

Introduction
Our immune response can be divided into two broad arms, innate and adaptive immunity.
Until recently, a major distinction between these two arms was the exclusive ascription of
immunologic memory to adaptive T and B lymphocytes. However, several recent reports
have suggested memory-like responses by innate immune NK cells (1-4). NK cells are
lymphocytes that express germline encoded receptors and are present in patients and mice
with defects in proteins necessary for T and B cell receptor rearrangement (e.g. Rag-
deficient) (5, 6). NK cells are important for the early control of infection, particularly viruses
(7, 8). NK cells are also capable of killing tumor cells and may play a role in tumor
surveillance and are currently being evaluated for cancer immunotherapy (9). NK cells
mediate their effects via two primary mechanisms, production of cytokines and target cell
killing.
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Several studies have suggested that NK cells can retain a cellular memory of activation to
both specific and non-specific stimuli (1-4, 10-12). Studies by von Andrian and colleagues
demonstrated liver NK cell-mediated specific memory to multiple haptens and viral antigens
using a contact hypersensitivity model (1, 4). In addition, a subset of previously sensitized
liver NK cells exhibited specific killing of antigen pulsed cells and provided protection
against systemic infection (4). Lanier and colleagues reported development of Ly49H+

memory splenic NK cells in vivo that was dependent on cytokines following infection with
murine cytomegalovirus (MCMV), a virus that encodes a ligand recognized by the
activating Ly49H receptor (3, 13). We established that cytokine-activation alone induces the
differentiation of memory-like NK cells that are more likely to produce IFN-γ (2). The first
model suggests that some liver NK cells might exhibit features of both cellular and immune
memory, i.e. the ability to retain memory of prior activation as well as specificity to protect
the host against infection with the same organism. Whereas cytokine-induced memory-like
NK cells, including those induced by MCMV, likely represent cellular memory responses
and are referred to as ‘memory-like’ here. Together, these studies suggest that NK cells can
acquire memory-like, antigen-independent and dependent, phenotypes. In addition to these
murine studies, we recently demonstrated that human NK cells pre-activated with cytokines
acquire memory-like responses following prolonged in vitro culture (14). Additional studies
have demonstrated possible human NK cell memory responses in vivo (15-17); although it is
more challenging to accurately identify previously-activated human NK cells rather than
primed cells responding to persistent viral stimulation (18).

The NK cell compartment comprises approximately 10% of human peripheral blood
lymphocytes and 3-5% of murine splenocytes. This overall number of NK cells is tightly
controlled and adoptive transfer of NK cells into NK-competent mice, including wild type
(wt) and Rag-1−/− deficient hosts, results in low engraftment and little proliferation of donor
NK cells due to limited availability of the survival and growth factor IL-15 (19, 20).
However, adoptive transfer into NK-deficient hosts leads to robust proliferation and long-
term engraftment of mature NK cells (21-23). Similarly, Miller et al. demonstrated that in
patients, higher-dose lymphodepleting regimens prior to adoptive immunotherapy with
allogeneic NK cells led to more successful engraftment and expansion of donor NK cells
(24). Thus, homeostatic expansion has the potential to allow for proliferation of mature NK
cells, long-term engraftment, and more successful immunotherapy.

We investigated whether cytokine-activated NK cells retain an intrinsic memory-like
phenotype following expansion and proliferation in an alymphoid host. NK cells undergo
rapid proliferation in alymphoid hosts and the long-lived pool of cells in reconstituted mice
is renewed from dividing mature NK cells (19, 20). First, we definitively demonstrated that
cytokine-induced NK cells memory-like responses are cell-intrinsic. Next, we found that
despite extensive proliferation in alymphoid hosts, memory-like NK cells maintain the
capacity to produce enhanced IFN-γ for at least one month. Finally, we found that unlike
cells in alymphoid hosts, memory-like NK cells in NK-competent mice maintain an
enhanced capacity for IFN-γ production for 3 months. These studies suggest that exogenous
treatment of NK cells with cytokines for immunotherapy, or activation of NK cells in the
context of an infection might lead to long-lived memory-like responses that persist with
proliferation and self-renewal.

Materials and Methods
Mice

All mice were on the on the C57BL/6 background and bred and maintained at our facility.
Rag-1 deficient (Rag-1−/−) mice expressing the C57BL/6 CD45.2 antigen were obtained
from The Jackson Laboratory (Bar Harbor, ME). Mice deficient in Rag-2 (Rag-2−/−) and
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common gamma chain/IL2Rγ (γc
−/−) were purchased from The Jackson Laboratory and

bred to obtain Rag-2−/− γc
−/− mice. Mice expressing the congenic CD45.1 receptor

(CD45.1+) were obtained from The Jackson Laboratory and bred to Rag-1−/− animals to
obtain CD45.1+Rag−/− mice. Animals were housed in specific pathogen free conditions and
studies were approved by the Washington University Animal Studies Committee.

Adoptive transfers
Splenocytes were obtained from Rag-1−/− donors (CD45.1 or CD45.2) and cultured
overnight as described (2). For some experiments, NK cells were enriched prior to culture
by negative selection via magnetic bead purification (Miltenyi Biotec, Germany) following
the manufacturer’s recommendations. Briefly, cells were either activated with a combination
of murine IL-12 (10ng/ml, PeproTech, Rocky Hill, NJ) plus murine IL-18 (50ng/ml,
Medical and Biological Laboratories International, Woburn, MA), which stimulates >90%
of cells to produce IFN-γ, or untreated (control cells) (2). Both groups of splenocytes were
cultured in the presence of low-dose murine IL-15 (10ng/ml, Peprotech) to maintain NK cell
survival as described (2, 20). After 12-16h of culture, non-adherent cells were washed at
least 3 times, counted, and where indicated labeled with CFSE (2.5μM, Invitrogen, Grand
Island, NY). For co-transfers, equal numbers of cells (~1-3 × 106) were adoptively
transferred by intravenous injection into the indicated hosts (Rag-1−/−, CD45.1+Rag−/−, or
Rag-2−/− γc

−/−). For transfers into separate hosts, ~1-3 × 106 cells were adoptively
transferred by intravenous injection into the indicated hosts. NK cell purity of donor cells
was determined by staining for NK1.1 and was 50-90% for cells enriched by collection of
non-adherent splenocytes, and >94% for enrichment with magnetic beads. Adoptive transfer
experiments were performed with age and sex-matched mice between 6 and 14 weeks of
age.

Antibodies and flow cytometry
Antibodies recognizing the following antigens were purchased from BD Pharmingen (San
Diego, CA): NK1.1 (PK136), CD45.1 (A20), CD45.2 (104), IFN-γ (XMG1.2), CD69
(H1.2F3), CD11b (M1/70), CD107a/LAMP-1 (1D4B), and KLRG1 (2F1). Granzyme B
antibody (GB12) was obtained from Life Technologies. A viability dye was used for some
experiments to exclude dead cells (Live/Dead®, Invitrogen). For surface staining, cells were
incubated in the presence of anti-FcγRII/III (2.4G2) to block non-specific binding followed
by incubation with specific antibodies. For intracellular flow cytometry, cells were fixed and
permeablized after surface staining according to manufacturer’s recommendations (BD
Pharmingen, Cytofix/Cytoperm™) and then incubated with anti-IFN-γ or anti-granzyme B.
Flow cytometry data was collected on FACSCanto (BD Biosciences, San Jose, CA) or
Cytek-modified FACScan (BD Biosciences and Cytek Development Inc, Fremont, CA)
instruments and analyzed with FlowJo software (TreeStar, Inc, Ashland, OR). NK cells were
identified as lymphocytes by FSC/SSC and expression of NK1.1 and for some experiments
CFSE, CD45.1, and/or CD45.2.

In vitro stimulation assays
Splenocytes were harvested from recipient mice and assayed for IFN-γ production or
CD107a expression. Donor and host NK cells were identified as NK1.1+ lymphocytes
expressing the appropriate congenic marker (CD45.1 or CD45.2) and/or CFSE. For cytokine
stimulation, cells were cultured with IL-12 (10ng/ml) plus IL-15 (100ng/ml) or media alone
for a total of 4 hours, with brefeldin A added after the first hour. Co-culture with Yac-1
(obtained from ATCC, Manassas, VA) targets was performed at a 10:1 ratio of splenocytes
to targets with or without mIL-12 (10ng/ml) for 4 hours, with brefeldin A added after the
first hour. For CD107a (LAMP-1) assays, splenocytes were cultured at a 10:1 ratio with
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Yac-1 targets for a total of 4 hours. CD107a antibody was added at the start of culture and
monensin added after 1 hour to inhibit receptor internalization.

Poly(I:C) in vivo activation
One or 4 weeks after adoptive transfer, Rag-2−/− γc

−/− recipients were given 75μg of the
synthetic toll-like receptor-3 (TLR3) ligand polyinosine-polycytidylic acid [poly(I:C)
HMW; InvivoGen, San Diego, CA] by intraperitoneal (i.p.) injection. Splenocytes were
harvested 4-6h later and immediately stained ex vivo for surface markers and intracellular
expression of IFN-γ.

Statistical analysis
Student’s t test was used for statistical analyses between 2 groups. For groups of 3 or more,
a 1-way ANOVA test with Bonferroni’s Multiple Comparison Test was used. Statistical
analysis was performed with GraphPad Prism software (La Jolla, CA) and p<0.05
considered significant.

Results
Cytokine stimulation results in initial NK cell priming followed by an NK-intrinsic memory-
like response

We previously reported cytokine-induced memory-like NK cell responses following
adoptive transfer of activated and control NK cells into separate hosts. To definitively
determine whether memory-like responses are NK-intrinsic, we generated congenic Rag-1
deficient donor mice (CD45.1+Rag1−/−) and performed co-transfers of cytokine-activated
and control NK cells into the same host (Figure 1A). Cytokine-activated (IL-12 plus IL-18
with low-dose IL-15) CD45.2+ or control treated (low-dose IL-15 alone for survival)
CD45.1+ enriched NK cells were labeled with CFSE and adoptively transferred into
CD45.1+Rag1−/− hosts (Figure 1A). Cytokine activation with IL-12 plus IL-18 stimulates
IFN-γ production by >90% of NK cells, while low-dose IL-15 maintains survival without
inducing IFN-γ production (2). Following adoptive transfer, donor and host splenic NK
cells were identified as NK1.1+ lymphocytes expressing (Figure 1A): CD45.2−CFSE−

(host); CD45.2+NK1.1+ (pre-activated donor); and CD45.2−CFSE+ (control donor). Control-
treated NK cells exhibited minimal proliferation since Rag-deficient hosts have intact NK
cell compartments (Figure 1C, D), allowing for reliable identification of these donor NK
cells based on CFSE expression. There were slightly more control than previously-activated
donor cells present at day 1, however despite proliferation of cytokine-activated cells there
was no significant difference in the numbers of control versus activated donor cells present
at days 3, 7, or 21 (Supplemental Fig. 1), perhaps reflecting the limitations of re-constituting
cells in mice with an intact NK cell compartment. Splenocytes from recipients were
harvested and stimulated for 4h with cytokines (IL-12 + IL-15) or media and IFN-γ
production measured by intracellular flow cytometry. One day after adoptive transfer, a
small percentage of previously-activated donor NK cells continued to produce IFN-γ
spontaneously, and they had a primed phenotype with the majority of cells producing IFN-γ
after in vitro cytokine re-stimulation (IL-12 + IL-15) (Figure 1B). By contrast, significantly
fewer control-donor and host NK cells were positive for IFN-γ. At later time points, pre-
activated donor NK cells remained more likely to produce IFN-γ as compared to control or
host NK cells; however the percentage of IFN-γ positive pre-activated NK cells was less
than that seen at Day 1. Production of IFN-γ by control donor NK cells was similar to
endogenous host cells, with the exception of day 21, when there was a very small but
statistically significant increased production of IFN-γ by control donor versus host NK cells
(20.3 vs. 17.7%). The exaggerated IFN-γ response of pre-activated donor cells at Day 1
suggests a residual priming effect at this early timepoint, whereas the later responses,
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particularly day 21, are consistent with a persistent memory-like response. Similar results
were obtained with NK cells enriched by magnetic bead purification (>94% purity) or
harvest of non-adherent cells (50-90% purity), and independent of the source of cells (i.e.
CD45.1 or CD45.2). These co-transfer experiments definitively demonstrate that memory-
like effects are NK-intrinsic and not the result of transfer of other activated cells (e.g.
macrophages and/or dendritic cells), since transfer of enriched cytokine-activated NK cells
did not alter the phenotype of host or control-donor NK cells.

NK cells homeostatically proliferate in NK-deficient hosts and maintain functional capacity
It remains possible that enhanced memory-like NK responses are due to in vivo proliferation
and not related to a prior activation event. Therefore we next examined naïve and cytokine-
activated NK cell responses following enforced proliferation of both subsets using an
alymphoid host. NK cells were enriched from congenic (CD45.1 and CD45.2) Rag-1−/−

mice, cytokine activated or control treated, CFSE labeled, and adoptively co-transferred into
Rag-2−/− γc

−/− hosts (Figure 2A), which lack endogenous T, B, and NK cells. Prior reports
have demonstrated that NK cells undergo homeostatic proliferation in alymphoid hosts with
maintenance of effector functions (19, 21, 23). NK cells are absent in Rag-2−/− γc

−/− mice
due to a defect in IL-15 signaling, which is required for NK cell development (25).
However, Sun et al. (26) observed IL-12-induced development of NK cells in the setting of a
viral infection in mice lacking IL-15. To ensure that we were measuring donor NK cells, and
not endogenous NK cells that differentiated in response to cytokine stimulation, we injected
Rag-2−/− γc

−/− mice (CD45.2+) with activated CD45.1+ NK cells alone (Supplemental
Figure 2). As expected, there was no development of endogenous CD45.1-negative NK cells
as late as 4 months following transfer.

Pre-activated and control NK cells both proliferated extensively in vivo, and CFSE was not
detectable in either subset after 7 days, with the majority of NK cells dividing by day 3
(Figure 2A and B). Relatively few NK cells were recovered from the spleens of hosts 1d
after transfer (Figure 2C). However, total NK cell counts increased over 7d (Figure 2C), and
were similar to those observed previously (23). The ratio of pre-activated to control cells
was initially low, and most splenic NK cells at day 1 were control cells with numbers of pre-
activated cells increasing over 7 days (Figure 2D). It is unclear whether this is due to
engraftment or homing of pre-activated NK cells, although at early timepoints we observed
similar ratios of transferred cells in the liver and lungs, the other major organs housing NK
cells (Supplemental Figure 3).

Despite proliferation of all control and pre-activated NK cells by day 7, progeny of pre-
activated NK cells, never before exposed to cytokines, maintained an enhanced capacity to
produce IFN-γ while control NK cell progeny maintained a naïve phenotype (Figure 3).
Donor-derived NK cells were easily identified based on cell surface expression of NK1.1
and CD45.1 or CD45.2 (Figure 3A). Upon stimulation with IL-12 plus IL-15, significantly
more NK cells derived from pre-activated cells produced IFN-γ than control NK cells
(Figure 3). Similar to co-transfer studies in Rag-deficient hosts, 1 day after transfer a very
high percentage of pre-activated NK cells produced IFN-γ, likely due to priming of those
cells. At 3d and 7d after transfer, overall IFN-γ production was lower, and NK cells that
originated from pre-activated cells continued to produce significantly more IFN-γ upon
cytokine stimulation than control cells from the same host. These enhanced responses could
represent a residual priming effect, rather than a memory-like response, although it is
interesting that this enhanced capacity for IFN-γ production was passed on to daughter cells.
It was reported that murine cytomegalovirus (MCMV)-induced memory NK cells express
high levels of KLRG1 and we measured expression of this antigen as well as CD11b and the
activation marker CD69 (Supplemental Figure 4). We saw high expression of KLRG1 on
cytokine-activated and control NK cells 1 and 4 weeks after co-transfer into Rag-2−/− γc

−/−
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hosts. Expression of KLRG1 on both donor subsets was much higher than that seen on
unmanipulated Rag-1−/− NK cells, suggesting that expression of this antigen is related to in
vivo proliferation (Supplemental Figure 4). Cytokine-activated and control cells also had
similar expression of CD69 and CD11b, both of which were higher than seen on
unmanipulated Rag-1−/− NK cells. These results demonstrate that cytokine-activated NK
cells maintain an enhanced capacity for IFN-γ production early following homeostatic
expansion and proliferation upregulates multiple markers of NK cell activation/maturation.

Expanded memory-like and control NK cells respond more robustly to activation with
target cells, while responses to in vivo TLR activation are dependent on early priming

We next determined NK cell IFN-γ production in response to tumor targets in vitro and
TLR3 activation in vivo. Cytokine-activated and control treated NK cells were adoptively
transferred into separate Rag-2−/− γc

−/− hosts. After 7d (Figure 4A) or 4 weeks (Figure 4B)
of expansion in vivo, NK cells were assayed for production of IFN-γ by culturing in vitro
for 4h with Yac-1 tumor cells alone or with IL-12, which enhances IFN-γ production via co-
stimulation. Significantly more donor NK cells derived from cytokine-activated cells
produced IFN-γ as compared to control cells at both timepoints. While responses at 1 week
could represent NK cell priming, enhanced NK cell responses at 4 weeks are consistent with
a memory-like phenotype in response to tumor cell stimulation.

We next evaluated in vivo memory-like responses using the TLR3 ligand poly(I:C). One or
4 weeks after adoptive co-transfer of cytokine-activated and control NK cells into Rag-2−/−

γc
−/−, mice were injected i.p. with poly(I:C) and NK cell IFN-γ production measured

directly ex vivo. We observed that the progeny of previously-activated NK cells had
increased IFN-γ production at 1 week (Figure 4C). However, this effect was not observed at
4 weeks, suggesting that the earlier response could be related to residual NK cell priming
and not memory.

Cytotoxic potential of memory-like and control NK cells
To determine whether homeostatic proliferation has any effect on memory-like NK cell
killing, we assessed cell-surface expression of CD107a following target cell engagement as
a surrogate for degranulation and the ability to kill targets. One or 4 weeks after adoptive
transfer into alymphoid hosts, cytokine-activated and control NK cells exhibited similar
levels of cell-surface CD107a in response to Yac-1 cells (Figure 5 A & B), suggesting that
there is no difference in their ability to kill target cells, similar to our previous studies.
Interestingly, both cytokine-activated and control NK cells expressed very high levels of
granzyme B protein 1 and 4 weeks after adoptive transfer (Figure 4 C & D). As previously
reported, naïve NK cells from Rag-1−/− mice did not express appreciable granzyme B
protein (Figure 4C, shaded) (27).

Long-term maintenance of memory-like NK cell phenotype
Having determined that NK cell memory-like responses are intrinsic and maintained in
alymphoid hosts, we next sought to determine how long memory-like responses are
preserved. First, we examined the longevity of memory-like responses in NK-competent
hosts (Rag-1−/−). Cytokine-activated NK cells adoptively transferred into separate NK-
sufficient hosts (Rag-1−/−) do not undergo homeostatic proliferation, and engraft in low
numbers but maintained a memory-like phenotype for 12 weeks with enhanced production
of IFN-γ following cytokine re-stimulation (Figure 6A). To determine if expanded and
proliferating NK cells also maintain this phenotype, cytokine-activated and control NK cells
were co-transferred into Rag-2−/− γc

−/− hosts and analyzed 4 and 12 weeks later. NK cell
counts remained relatively stable 1-12 weeks after transfer (Figure 6B), however the ratio of
previously-activated to control cells decreased by 12 weeks, when the majority of NK cells
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were derived from control donors. Following activation with IL-12 + IL-15 in vitro,
previously-activated NK cells maintained a memory-like phenotype at 4 weeks (Figure 6C),
similar to results seen with tumor cell stimulation (Figure 4). At this timepoint memory-like
NK cells constitute the majority of the NK compartment in the host (Figure 6B). However,
by 12 weeks, when control cells outnumber previously-activated cells (Figure 6B), control-
treated NK cells actually produced slightly more IFN-γ (Figure 6C). Interestingly, the levels
of IFN-γ were higher at 12 weeks in both Rag-1−/− and control NK cells from Rag-2−/−

γc
−/− mice (6A & 6C). This could experimental variability or a gain of function in NK cells

due to aging or proliferation (in Rag-2−/− γc
−/− hosts).

Discussion
While immunologic memory has traditionally been the hallmark of adaptive immunity,
several recent studies have demonstrated that innate immune NK cells have the capacity for
memory-like responses (1-4). Here, we found that cytokine-induced memory-like NK cells
expand in alymphoid hosts via homeostatic proliferation and maintain their phenotype for at
least a month despite extensive proliferation of all NK cells. As expected, activated NK cells
made very high amounts of IFN-γ shortly after adoptive transfer in to alymphoid hosts,
likely due to a primed phenotype. However, both cytokine-activated and control NK cells
quickly proliferated, and by day 7 nearly all cells present in the hosts had never before been
primed in vitro. Memory-like NK cells had enhanced IFN-γ responses to re-stimulation with
cytokines and tumor cells in vitro up to 4 weeks after adoptive transfer. In vivo TLR-
activation showed enhanced responses by pre-activated NK cells at early (7d) but not later
(4 weeks) timepoints. No difference in expression of granzyme B or the ability to
degranulate in response to tumor cells was observed. Interestingly, all NK cells, regardless
of prior activation, expressed high levels of granzyme B after transfer into alymphoid hosts,
perhaps due to proliferation or other host factors.

Our data demonstrate that only a portion of daughter cells from previously-activated NK
cells retain a capacity for enhanced IFN-γ production, since the majority of cells did not
produce IFN-γ, and identification of a cell surface marker to identify memory-like NK cells
will be important for future studies. As shown here, and based on expression profiling
(M.A.C. unpublished data) we have not found a cell-surface marker that distinguishes
memory-like from naïve splenic NK cells. KLRG1, an inhibitory cell-surface receptor (28),
has been proposed as a marker of splenic NK cell memory and was elevated on the cell
surface of MCMV-induced memory NK cells (3). Here, we found that KLRG1 was highly
expressed by both cytokine-induced memory-like and naïve expanded NK cells
(supplemental Figure 4), suggesting that KLRG1 may be a marker of mature NK cell
proliferation, as was previously suggested (28, 29), rather than memory.

NK cell numbers are normally tightly regulated in healthy hosts. Homeostatic expansion
occurs in the setting of lymphopenia, and mature NK cells can proliferate and expand to
“fill” the empty NK compartment (21-23). In patients, this can occur as the result of
infection or chemotherapy-induced lymphopenia. Following adoptive transfer into
alymphoid hosts, both cytokine-activated and control NK cells proliferated extensively
within a week of adoptive transfer. Cytokine-activated NK cells maintained a memory-like
phenotype for 12 weeks in NK-competent Rag-1−/− hosts, while memory-like cells lost this
phenotype by 3 months in alymphoid hosts. The observed differences may be related to NK
cell homeostasis in the two models. In alymphoid, Rag-2−/− γc

−/− hosts, mature NK cells
undergo homeostatic proliferation driven by a lack of endogenous lymphocytes. Whereas in
NK-competent, Rag-1−/− hosts, only a subset of memory-like cells proliferate 3-7d after
adoptive transfer. Thus, one explanation for the loss of memory in Rag-2−/− γ c−/− hosts at
12 weeks is that multiple rounds of proliferation ultimately alters the memory-like
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phenotype of NK cells, while NK cells with low turnover in NK-competent hosts maintain a
memory-like phenotype. An alternative hypothesis is that there is a gain of function in all (or
only control) NK cells related to homeostatic proliferation, analogous to the memory-
phenotype observed in T cells following homeostatic proliferation in a lymphopenic host
(30). It will be interesting to determine whether NK cells exhibit a similar type of
proliferation-driven memory-phenotype differentiation at late timepoints.

Regardless, the maintenance of clear memory-like effects after 4 weeks of proliferation
demonstrates that cytokine-induced memory is stable and hereditary. From a therapeutic
standpoint, clinically-relevant lymphopenia in patients (i.e., infection or chemotherapy-
induced) and inhibition of NK cell development is likely temporary, lasting from a few days
to months (31). Thus, transient lymphopenia in patients might allow for the expansion of
adoptively transferred or infection-induced memory-like NK cells that, with resumption of
normal NK cell differentiation and resolution of lymphopenia, are subsequently maintained
in a quiescent state. Based on the model here, such non-dividing memory-like NK cells
would be predicted to maintain their phenotype long-term.

There are currently three experimental models of murine NK cell memory: 1) cytokine-
induced splenic NK cell memory-like function (2), as discussed here, 2) splenic NK memory
conferred via stimulation with cytokines and a germline-encoded NK cell receptor following
recognition of a pathogen-encoded ligand (3, 13), and 3) antigen-specific liver NK cell
memory not mediated by a known germline-encoded receptor, which was the first type to be
described (1, 4). Together, these models are complementary, rather than mutually exclusive,
and definitively demonstrate that NK cells have the capacity for recall responses. Our model
suggests that after an initial cytokine activation event and production of IFN-γ, NK cells
retain the capacity for enhanced IFN-γ responses to multiple stimuli. Thus, cytokine-
induced NK cell memory responses are predicted to provide non-specific protection. This is
physiologically relevant, since NK cells express only a limited number of activation
receptors and often rely upon cytokine signals to mediate effector function (6).

Studies from the Lanier group using an adoptive transfer system demonstrated that MCMV-
induced expansion of long-lived Ly49H+ NK cells with enhanced cytokine production and
the ability to provide superior protection against MCMV infection in neonatal mice (3).
Similar to our system, this model was also dependent on cytokines, in particular IL-12 (13).
Additional studies by Schlub et al. in an intact host found that the kinetics of Ly49H+ NK
cell expansion and contraction are different from T cells and there may not be a
physiologically significant pool of memory-like NK cells that can expand in a secondary
response, perhaps more consistent with the idea of enhanced cellular function rather than
long-lived protective immunologic memory (32). It is not known whether Ly49H+ MCMV-
induced memory NK cells are virus-specific, however since they respond more robustly to
non-viral stimuli (i.e., anti-NK1.1) (3), it is possible that they might also provide enhanced
protection against other infections. Indeed, it may be the inherent non-specific nature of
cellular memory-like responses in NK cells that could allow them to better protect the host,
rather than specific immunologic memory to infections.

Studies from von Andrian’s group were the first to demonstrate the capacity for liver NK
cell immunologic memory with the finding that NK cells can mediate hapten-specific
contact hypersensitivity (CHS) responses in the absence of T cells (1). Subsequent studies
demonstrated a small subset of liver lymphocytes from Rag-deficient mice expressing
NK1.1, CXCR6, Thy1, and other markers had the capacity for antigen-specific intrinsic
memory, but not splenic cells expressing the same markers (4). This type of memory
appears more distinct from the two previous models based on its antigen specificity and
limitation to lymphocytes from the liver. Memory NK1.1+ liver cells were present in
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genetically diverse strains of mice (BALB/c and C57BL/6); capable of recognizing haptens
and viral like particles from HIV, influenza, and vesicular stomatitis virus; and conferred
specific protection against viral infection in vivo (4). The recognition of such a diverse pool
of antigens, and the fact that no antigen failed to induce NK cell memory responses (4), is
reminiscent of T and B lymphocyte diversity and suggests that these NK1.1+ cells have the
capacity for receptor editing, either via post-transcriptional modification or non Rag-
mediated recombination events. A study from another group demonstrated that the character
and quality of CHS responses mediated by NK cells may be distinct from T cell CHS,
suggesting a unique mechanism for liver NK1.1+ cell memory (33). It will be interesting to
determine the mechanism of specific antigen recognition in these NK cells.

Collectively, these studies demonstrate that NK cells “learn” from prior experiences. In all
of the experimental systems the memory phenotype appears to be heritable, and persists
longer than the estimated 7-17 day half-life of NK cells (34, 35). In the case of cytokine and
MCMV-induced memory, NK cells were more responsive not only to the original stimuli
but also other activation signals (e.g. cytokines, receptor ligation, tumor target cells),
suggesting a generalized enhanced state of activation that could be exploited for
immunotherapy (2, 3). Indeed, a recent study by the Cerwenka laboratory demonstrated that
IL-12, -15, -18 pre-activation of NK cells prior to adoptive transfer into sub-lethally
irradiated tumor-bearing hosts led to significant reduction in established tumors (36). Here,
we discovered that cytokine-induced memory-like NK cells proliferate and expand in
alymphoid hosts. There are currently multiple studies investigating NK cell adoptive therapy
for cancer (9), and homeostatic expansion may be critical for treatment success as evidenced
by the finding that patients treated with more intense conditioning regimens have enhanced
donor NK cell engraftment (24). A recent study from Gill et al. found that murine NK cells
adoptively transferred into Rag-2−/− γc

−/− hosts completely lost the ability to produce IFN-γ
within 5 days. They concluded that these NK cells become exhausted due to homeostatic
proliferation and that caution should be used with NK cell adoptive therapy (37). However,
we and others (19, 21, 23) clearly demonstrates that adoptively transferred NK cells retain
the capacity to produce IFN-γ following proliferation in alymphoid hosts. The cause for
discrepancy between these studies is unclear; however the murine NK cells used by Gill et
al. were expanded with IL-2 prior to adoptive transfer, which may result in NK exhaustion,
whereas we demonstrate that control (low-dose IL-15) or IL-12 + IL-18 activated NK cells
retain the capacity to produce IFN-γ following in vitro and in vivo stimulation. This
suggests that thorough investigation of growth factors that support optimal NK cell function,
such as IL-12 and IL-18, is critical for successful NK cell immunotherapy.

Many questions regarding the nature of NK cell memory responses remain. Can memory-
like NK cells provide enhanced protection to a variety of infections and tumors? What are
the mechanisms of heritable memory-like responses and are they present in humans? NK
cell memory has only recently been recognized, and as we gain a better understanding of
these and other fundamental questions it will be interesting to see how innate immune
memory can be exploited for NK cell vaccination and adoptive therapy strategies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Memory-like NK cell responses are cell-intrinsic
Congenic NK cells were enriched from Rag1−/− mice and CFSE-labeled cytokine-activated
and control cells adoptively transferred into Rag1−/− hosts. (A) Host, control, and
previously-activated (Pre-act) NK cells were identified by CFSE and/or CD45.2 as shown.
Following re-stimulation for 4h with IL-12 + IL-15 significantly more pre-activated than
control cells produce IFN-γ. Representative flow cytometry data from 7 day after adoptive
transfer is shown, gated on NK1.1+ cells. (B) Splenic NK cells from recipient mice were
harvested 1, 3, 7, and 21 days after adoptive transfer and assayed for IFN-γ production
following culture with IL-12 + IL-15 (black bars) or media (gray bars) in vitro. Early after
adoptive transfer, pre-activated NK cells were primed and produced very high levels of IFN-
γ (Days 1 and 3). At later timepoints, pre-activated cells acquired a memory-like phenotype
(Days 7 and 21) and were more likely to produce IFN-γ than control-transferred or host NK
cells. (C) Donor pre-activated NK cells proliferate in vivo as shown by CFSE dilution (host
NK cells shaded histogram; pre-activated NK cells solid line; control NK cells dashed line).
(D) Most pre-activated NK cell (black bars) proliferation occurred within the first 3 days of
transfer and very few control NK cells (open bars) proliferated in vivo (n.d., proliferation
not detected). ****p<0.0001; ***p≤0.0001; **p≤0.001; *p<0.05. Graphed data represents
mean +/− SEM of 3-7 independent experiments.
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Figure 2. Homeostatic expansion of activated and control NK cells in alymphoid hosts
(A) Cytokine-activated or control treated congenic NK cells from Rag1−/− mice were CFSE
labeled and adoptively transferred into Rag-2−/− γc

−/− hosts. Nearly all splenic NK cells
proliferated within 7d of adoptive transfer as shown by dilution of CFSE of NK1.1+ pre-
activated (solid line) and control (dashed line) NK cells and quantitated in panel B (mean +/
− SEM of 4 independent experiments; n.s., not significant). (C) Percentage and absolute
number of NK cells per spleen following adoptive transfer. (D) Ratio of pre-activated to
control NK cells 1, 3, and 7 days after adoptive transfer.
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Figure 3. Maintenance of a memory-like phenotype after NK cell expansion
Cytokine-activated or control treated congenic NK cells enriched from Rag1−/− mice were
adoptively transferred into Rag-2−/− γc

−/− hosts. (A) Seven days after adoptive transfer, pre-
activated NK cells were more likely to produce IFN-γ following a 4 hour in vitro
stimulation with IL-12 + IL-15 as shown in a representative intracellular flow plot gating on
NK1.1+ CD45.1+ control or CD45.1− pre-activated NK cells. (B) Adoptively transferred
cells were re-stimulated in vitro with IL-12 + IL-15 (black bars) or cultured with media
alone (grey bars). Pre-activated NK cells had a primed phenotype with very high IFN-γ
production 1d after adoptive transfer and spontaneous production of low levels of IFN-γ. By
7d, pre-activated NK cells exhibited a memory-like phenotype and were more likely to
produce IFN-γ than control cells. Results represent the mean +/− SEM of 3-5 independent
experiments. *p=0.01; **p=0.007.

Keppel et al. Page 14

J Immunol. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Expanded memory-like NK cells production of IFN-γ in response to tumor targets and
in vivo Poly(I:C)
(A & B) Cytokine-activated (Pre-act) and control-treated NK cells were adoptively
transferred into separate Rag-2−/− γc

−/− hosts. Transferred splenic NK cells were re-
stimulated (A) 7d and (B) 4 weeks later in vitro with tumor targets (Yac-1 cells) alone or
with IL-12. Significantly more memory-like (pre-act) than control cells produced IFN-γ at
both timepoints. Data represent mean +/− SEM of 7 and 4 independent experiments,
*p<0.05; **p<0.005). (C & D) Cytokine-activated and control-treated NK cells were
adoptively co-transferred into Rag-2−/− γc

−/− hosts and injected (C) 7d or (D) 4 weeks later
with poly(I:C) and NK cell IFN-γ production measured (mean +/− SEM of 4 independent
experiments, ****p<0.0001; no significant difference at 4 weeks).
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Figure 5. Memory-like and control NK cells exhibit similar degranulation with tumor targets
and expression of granzyme B
(A & B) Cytokine-activated (Pre-act, filled bars) and control-treated (white bars) NK cells
were adoptively transferred into separate Rag-2−/− γc

−/− hosts. Seven days after adoptive
transfer, NK cell degranulation in response to co-culture with a tumor target (Yac-1 cells)
was measured by assaying for cell surface CD107a. Pre-activated memory-like and control
NK cells had similar degranulation with Yac-1 targets at (A) 1 and (B) 4 weeks after
adoptive transfer. Results represent the mean +/− SEM of 3-4 independent experiments at
each timepoint. (C) Intracellular expression of granzyme B was measured in pre-activated
(solid line) and control NK cells (dotted line) 4 weeks after adoptive transfer co-transfer into
Rag2−/− γc

−/− hosts. Granzyme B expression of freshly isolated Rag-1−/− NK cells is also
shown (grey filled histogram). (D) Pre-activated and control NK cells expressed high levels
of granzyme B (GzmB) 1 and 4 weeks after adoptive transfer. Results represent mean +/−
SEM of 3 independent experiments at each timepoint, *p=0.047; n.s., not significant.
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Figure 6. Long-term engraftment and production of IFN-γ by memory-like NK cells
Cytokine-activated (Pre-act) and control-treated NK cells were adoptively transferred into
separate Rag-1−/− hosts (A) or co-transferred into Rag-2−/− γc

−/− hosts (B&C). NK cell IFN-
γ responses following in vitro culture with IL-12 + IL-15 were measured 4 and 12 weeks
later. (A) Following transfer into separate NK-competent hosts, pre-activated NK cells were
more likely to produce IFN-γ than naïve host NK cells (*p=0.03 at 4 weeks and **p=0.007
at 12 weeks, mean +/− SEM of 3-5 independent experiments). There was no significant
difference between the percentage of control-treated donor and host IFN-γ+ NK cells. (B)
Following co-transfer of cells into alymphoid Rag-2−/− γc

−/− hosts (as schematized in Figure
2, without CFSE labeling), the absolute number of splenic NK cells remained stable, while
the ratio of pre-activated to control cells decreased between 1 and 12 weeks after adoptive
transfer (mean +/− SEM of 3-8 mice per timepoint; data shown for 1 week is also shown in
Figure 2C and D). (C) Four weeks after adoptive transfer, significantly more pre-activated
than control NK cells produced IFN-γ. Twelve weeks after co-transfer into alymphoid hosts,
slightly more control donor NK cells produce IFN-γ. (Mean +/− SEM of 4-5 independent
experiments; black bars represent IL-12 + IL-15 stimulation, grey bars media; **p<0.004).
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