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SUMMARY

Natural killer (NK) cells are important in host defense against pathogens, and they can 

subsequently differentiate into memory NK cells. The Ly49 and KIR gene families in rodents and 

humans encode both inhibitory and activating receptors for MHC class I. The physiological role of 

activating KIR or Ly49 receptors that recognize self-MHC class I during immune response to viral 

infections is unknown. Here, we address how the activating Ly49D receptor impacts the NK cell 

response to mouse cytomegalo-virus (MCMV) infection by comparing the activation and 

differentiation of Ly49D-bearing NK cells in mice lacking or expressing H-2Dd, the cognate MHC 

class I ligand of Ly49D. After MCMV infection, Ly49D augmented IFN-γ production by MCMV-

specific Ly49H+ NK cells and preferentially promoted the generation of memory Ly49H+ NK 

cells. Thus, activating receptors for self-MHC class I modulate the differentiation of MCMV-

specific NK cells and are beneficial for host defense against MCMV infection.

In Brief

The physiological relevance of activating receptors on NK cells that recognize polymorphic self-

MHC I antigens is unclear. Nabekura and Lanier show that NK cells with activating self-MHC 

receptors are hypo-responsive at steady-state, and during viral infection, these receptors augment 

cytokine production and promote the survival of long-lived memory NK cells.
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INTRODUCTION

Natural killer (NK) cells recognize virus-infected cells and transformed cells by using a 

repertoire of NK cell receptors that regulate their activation and effector functions (Lanier, 

2005). The Ly49 gene family in rodents and the KIR gene family in primates encode both 

inhibitory and activating receptors that recognize polymorphic MHC class I ligands (Parham 

and Moffett, 2013; Schenkel et al., 2013). The inhibitory receptors for MHC class I dampen 

or prevent NK cell responses against host cells expressing MHC class I ligands. 

Additionally, during development, NK cells acquire functional competency through 

“licensing” by interactions between inhibitory Ly49 or KIR and self-MHC class I (Anfossi 

et al., 2006; Kim et al., 2005).

Whereas the inhibitory KIR and Ly49 receptors for MHC class I have been implicated in 

licensing NK cells and preventing attack of healthy tissues, the activating receptors for MHC 

class I ligands have been shown to enable NK cells to reject allogeneic bone marrow 

transplants and tumors. For example, NK cells in C57BL/6 (H-2Db) mice that express the 

activating Ly49D receptors specific for H-2Dd (George et al., 1999a) are able to recognize 

and reject allogeneic bone marrow grafts from H-2Dd mice (George et al., 1999b). In 

humans, patients with acute myeloid leukemia (AML) who express a HLA-C group 2 

genotype (HLA-C alleles with N at amino acid 77 and lysine at amino acid 80) had a lower 

rate of relapse when they were transplanted with hematopoietic stem cells from donors 

expressing KIR2DS1 genes (Venstrom et al., 2012), presumably because the KIR2DS1+ NK 

cells arising from the donor hematopoietic stem cells are capable of killing residual 

allogeneic HLA-C2-bearing leukemia cells in the patients (Chewning et al., 2007; Colonna 

et al., 1993). KIR2DS1+ NK cells in maternal decidual tissues have been proposed to 

enhance placentation of semi-allogeneic fetuses expressing HLA-C2 ligands by producing 

GM-CSF, which facilitates trophoblast invasion (Xiong et al., 2013).
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Although a role for activating KIR and Ly49 in alloantigen-induced responses has been 

documented, the physiological relevance of these activating receptors when they interact 

with self-MHC class I ligands is unknown. In general, NK cells possessing activating KIR or 

Ly49 receptors that can react with self-MHC class I ligands in the individual are 

hyporesponsive. For example, KIR2DS1+ NK cells are hyporesponsive in individuals who 

have a HLA-C2 genotype (Fauriat et al., 2010; Pittari et al., 2013). Similarly, there is no 

evidence of activation or autoimmune disease mediated by Ly49D+ NK cells in mice 

expressing H-2Dd (George et al., 1999b), and these Ly49D+ NK cells in H-2Dd mice are 

hypo-responsive when assayed ex vivo. Thus, although NK cells bearing activating KIR or 

Ly49 receptors in healthy donors possessing self-MHC class I ligands for these receptors are 

hypo-responsive or tolerant at steady state, we hypothesized that this tolerance might be 

broken during inflammation or infection, permitting these activating receptors to signal and 

enhance the response of NK cells.

Although NK cells were previously considered unable to differentiate into a long-lived 

memory subset, accumulating evidence demonstrates that NK cells have adaptive immune 

features, which include antigen-specific expansion and differentiation into self-renewing 

memory NK cells (Cooper et al., 2009; Min-Oo et al., 2013; Nabekura and Lanier, 2014; 

O’Leary et al., 2006; Paust et al., 2010; Sun et al., 2009, 2010). In some mouse models, NK 

cells are activated after exposure to pathogens, antigens, alloantigens, and cytokines and 

subsequently differentiate into memory or memory-like NK cells with augmented effector 

functions in response to a variety of secondary stimuli, as compared with naive NK cells 

(Cooper et al., 2009; Nabekura and Lanier, 2014; O’Leary et al., 2006; Sun et al., 2009). The 

existence of memory NK cells in humans is demonstrated by the specific expansion and 

persistence of NKG2ChiCD57+ NK cells after human cytomegalovirus (HCMV) infection, 

and by the increased frequency of the population in response to reactivation of HCMV 

(Foley et al., 2012a; Foley et al., 2012b; Gumá et al., 2004; Lopez-Vergès et al., 2011; Min-

Oo et al., 2013). We have demonstrated previously that mouse NK cells bearing the 

activating Ly49H receptor, which specifically recognizes the m157 mouse cytomegalovirus 

(MCMV) glycoprotein on the infected cells (Arase et al., 2002; Smith et al., 2002), clonally 

expand and differentiate into memory NK cells, and persist for several months after MCMV 

infection (Sun et al., 2009, 2010). These MCMV-specific memory NK cells are capable of 

mounting a recall response and provide more protective host defense against re-challenge 

with MCMV than naive NK cells (Sun et al., 2009). The immunoreceptor tyrosine-based 

activation motif (ITAM)-containing DAP12 adaptor-mediated signaling through Ly49H and 

costimulatory signaling through the DNAM-1 receptor are essential not only for optimal 

expansion of effector Ly49H+ NK cells, but also for the generation of memory Ly49H+ NK 

cells following MCMV infection (Nabekura et al., 2014; Sun et al., 2009).

In the present study, we addressed whether the activating Ly49D receptor that recognizes 

self-MHC class I molecules influences the activation of MCMV-specific Ly49H+ NK cells 

and the differentiation of memory NK cells generated in response to MCMV infection. 

Furthermore, we examined how co-expression of the inhibitory Ly49A receptor that 

recognizes the same self-H-2 ligand as Ly49D affects responsiveness of these NK cells to 

MCMV. We found that Ly49D augmented interferon (IFN)-γ production by Ly49H+ NK 
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cells and preferentially promoted the differentiation of memory Ly49H+ NK cells by 

providing a survival advantage.

RESULTS

Ly49D+Ly49A−Ly49H+ NK Cells Undergo Less Homeostatic Turnover and Have Diminished 
Effector Functions in Naive B10.D2 Mice

We examined the influence of the activating Ly49D receptor and the inhibitory Ly49A 

receptor, both of which recognize H-2Dd, on the activation and differentiation of the 

MCMV-specific Ly49H+ NK cells in B10.D2 mice expressing H-2Dd or B6 mice lacking 

H-2Dd. In resting uninfected mice, equivalent frequencies of immature (CD11b−CD27+), 

intermediate (CD11b+CD27+), and mature (CD11b+CD27−) NK cells were present within 

Ly49H+ NK cell subsets co-expressing Ly49D and/or Ly49A in the spleen and blood in 

B10.D2 mice, indicating that Ly49A and Ly49D do not grossly affect maturation of the 

Ly49H+ NK cell subsets (data not shown). Similarly, within these Ly49H+ NK cell subsets, 

frequencies of NK cells expressing Ly6C, an activation and differentiation marker of NK 

cells (Nabekura et al., 2014), and annexin V, an indicator of cellular apoptosis, were similar 

(data not shown). However, a statistically significant lower percentage of recently 

proliferated Ki67+Ly49H+ NK cells were present in the subset co-expressing the activating 

Ly49D receptor but lacking the inhibitory Ly49A receptor in B10.D2 mice, but not in B6 

mice lacking the H-2Dd ligand (Figures 1A and 1B). To investigate effector functions of 

naive Ly49H+ NK cells co-expressing Ly49D, NK cells were co-cultured with RMA (H-2b) 

transfectants expressing m157 and H-2Dd (Figures 1C and 1D). Although Ly49A suppressed 

degranulation and IFN-γ production of B6 Ly49H+ NK cells against RMA transfectants 

expressing m157 and H-2Dd, a higher frequency of B10.D2 naive Ly49A+Ly49H+ NK cells 

degranulated and produced IFN-γ than naive Ly49A− Ly49H+ NK cells after co-culture with 

target cells (Figures 1C and 1D), consistent with prior studies analyzing NK cell licensing 

(Bessoles et al., 2013; Chalifour et al., 2009). The inhibitory Ly49G2 receptor also 

recognizes H-2Dd, although Ly49A has a higher affinity for H-2Dd (Hanke et al., 1999). 

However, unlike Ly49A, which is stably expressed on mature NK cells and not affected by 

activation of NK cells, most Ly49H+ NK cells lacking Ly49G2 acquire this receptor after 

MCMV infection independently of the MHC haplotype, suggesting that Ly49G2 is 

essentially an activation marker (Barao et al., 2011; Hanke et al., 1999; and data not shown). 

When B10.D2 naive Ly49H+ NK cells expressing Ly49G2 and/or Ly49A were co-cultured 

with target cells expressing m157 and H-2Dd, a higher frequency of B10.D2 naive Ly49H+ 

NK cell subsets expressing Ly49A degranulated and produced IFN-γ than naive Ly49H+ 

NK cell subsets not expressing Ly49A, regardless of expression of Ly49G2 (Figures 1E and 

1F). Ly49H+ NK cells co-expressing Ly49G2 and Ly49A did not show a more potent 

licensing effect than Ly49H+ NK cells expressing Ly49A without Ly49G2 (Figures 1E and 

1F). These results demonstrate that Ly49A has more potent licensing activity than Ly49G2 

in B10.D2 mice. Thus, the expression of Ly49D on unlicensed (Ly49A−) NK cells in 

B10.D2 mice suppresses homeostatic turnover of this subset, and licensing of NK cells 

through Ly49A in B10.D2 mice results in enhanced effector functions of naive Ly49H+ NK 

cells independently of Ly49D.
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Ly49D and Ly49A Enhance Activation and IFN-γ Production of B10.D2 Ly49H+ NK Cells in 
the Early Phase of MCMV Infection

We addressed how the activating Ly49D and inhibitory Ly49A receptors, both recognizing 

H-2Dd, impact the activation and IFN-γ production of Ly49H+ NK cells in B6 and B10.D2 

mice in the early course of MCMV infection. On day 1.5 post-infection (pi), B6 Ly49H+ NK 

cell subsets expressing Ly49D and/or Ly49A produced equivalent amounts of IFN-γ 
(Figures 2A and 2B). In contrast to B6 mice, in B10.D2 mice, Ly49D+Ly49H+ NK cells and 

Ly49A+Ly49H+ NK cells produced more IFN-γ after MCMV infection than the 

Ly49D−Ly49A−Ly49H+ NK cell subset (Figures 2A and 2B). Furthermore, B10.D2 

Ly49D+Ly49A+ Ly49H+ NK cells produced the largest amount of IFN-γ within these 

Ly49H+ NK cell subsets (Figures 2A and 2B). Thus, although the activating Ly49D receptor 

induced hypo-responsiveness at steady state, it augmented the activation and IFN-γ 
production of Ly49H+ NK cells in B10.D2 mice in the early course of MCMV infection.

Ly49D Suppresses Activation and Cell-Cycle Progression of B10.D2 Ly49H+ NK Cells at the 
Peak of NK Cell Response after MCMV Infection

B6 MCMV-specific Ly49H+ NK cells preferentially proliferate, peaking at 7 days after 

MCMV infection (Sun et al., 2009). We investigated the influence of Ly49D and Ly49A, 

both recognizing H-2Dd, on the activation and proliferation of Ly49H+ NK cells at the peak 

of the NK cell response after MCMV infection. B6 Ly49H+ NK cell subsets expressing 

Ly49D and/or Ly49A equivalently upregulated Ly6C and KLRG1 on day 7 pi (Figures 3A 

and 3B and data not shown). Unlike activation of NK cells by inflammatory cytokines in the 

early phase of MCMV infection (Figures 2A and 2B) (Krug et al., 2004; Sun et al., 2011), 

B10.D2 Ly49D+Ly49H+ NK cells showed less upregulation of Ly6C and KLRG1 than 

Ly49D−Ly49H+ NK cells on day 7 pi (Figures 3A and 3B and data not shown). These 

B10.D2 Ly49D+Ly49H+ NK cells were less proliferative, as demonstrated by the smaller 

percentages of Ki67+ NK cells, than Ly49D−Ly49H+ NK cells on day 7 pi (Figures 3C and 

3D). Although Ly49A did not affect the proliferation of these B10.D2 Ly49D+Ly49H+ NK 

cells during peak expansion after MCMV infection, in naive B10.D2 mice, Ly49D+Ly49H+ 

NK cell subsets expressing Ly49A exhibited more homeostatic turnover than LY49D

+Ly49H+ NK cells lacking L49A in uninfected mice (Figures 1A and 1B and 3C and 3D). 

Neither upregulation of Ly6C nor increased frequencies of Ki67+ cells were observed in 

Ly49H− NK cells in B6 and B10.D2 mice (data not shown). These results demonstrate that 

in B10.D2 mice, Ly49D suppresses activation and subsequent cell-cycle progression of 

MCMV-specific Ly49H+ NK cells at the peak of the NK cell response after MCMV 

infection.

Ly49D on B10.D2 Ly49H+ NK Cells Provides a Survival Advantage

B6 Ly49H+ NK cells clonally expand and subsequently undergo a contraction after the peak 

of the NK cell response after MCMV infection (Sun et al., 2009). In B10.D2 mice, but not in 

B6 mice, the licensed Ly49A+Ly49H+ NK cell subset demonstrated a higher proportion of 

apoptotic cells than unlicensed Ly49A−Ly49H+ NK cells at the peak of the NK cell response 

during MCMV infection, as determined by staining with a fluorescent-labeled inhibitor of 

caspases (FLICA), a membrane-permeable probe retained in cells containing active caspases 
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(Figures 4A and 4B). Within these Ly49H+ NK cell subsets, in uninfected mice, frequencies 

of apoptotic NK cells were equivalent. Interestingly, B10.D2 Ly49D+Ly49H+ NK cells 

maintained expression of higher amounts of Bcl-2 than Ly49D−Ly49H+ NK cells did in the 

contraction phase (Figures 4C and 4D). Unlike B10.D2 Ly49H+ NK cells, B6 Ly49H+ NK 

cell subsets equivalently expressed Bcl-2 during the contraction phase (Figures 4C and 4D). 

These results indicate that licensing through Ly49A renders B10.D2 Ly49H+ NK cells 

sensitive to cell death after MCMV infection, whereas, although Ly49D renders NK cells in 

B10.D2 mice hypo-responsive in steady state, it contributes to survival of B10.D2 Ly49H+ 

NK cells during MCMV infection.

B10.D2 Ly49D+Ly49A−Ly49H+ NK Cells Preferentially Differentiation into Memory NK Cells

To determine how the activating Ly49D and inhibitory Ly49A, both recognizing H-2Dd, 

modulate expansion of effector Ly49H+ NK cells, as well as differentiation into memory 

Ly49H+ NK cells, B6 and B10.D2 Ly49H+ NK cells were adoptively transferred into 

syngeneic Ly49H-deficient recipient mice and infected with MCMV. Like B6 donor Ly49H+ 

NK cells, B10.D2 donor Ly49H+ NK cells preferentially expanded and differentiated into 

long-lived memory NK cells in the blood and spleen (Figures 5A and 5C). The frequencies 

of B6 donor Ly49H+ NK cells co-expressing Ly49D and/or Ly49A, which lack self-MHC 

class I ligands, remained constant during MCMV infection (Figures 5B and 5C). On the 

contrary, B10.D2 donor Ly49D+ Ly49A−Ly49H+ NK cells predominated in the effector 

phase (Figures 5B and 5C). These B10.D2 Ly49D+Ly49A−Ly49H+ NK cells preferentially 

differentiated into memory NK cells (characterized by the memory phenotype KLRG1+, 

Ly6C+, DNAM-1−, CD11b+, and CD27−, not shown), whereas Ly49D−Ly49A+Ly49H+ NK 

cells generated fewer memory NK cells detected in the blood and spleen 1 month after the 

infection (Figures 5B and 5C). Donor Ly49H− NK cells did not differentiate into Ly49H+ 

NK cells after MCMV infection (data not shown). These findings demonstrate that the 

activating Ly49D receptor modulates the expansion and differentiation of MCMV-specific 

Ly49H+ NK cells in the course of MCMV infection.

B10.D2 Memory Ly49H+ NK Cells Exert Augmented Effector Functions

To determine whether B10.D2 memory Ly49H+ NK cells exhibit enhanced effector 

functions as compared to those of naive Ly49H+ NK cells, B10.D2 naive and memory 

Ly49H+ NK cells were co-cultured with RMA transfectants expressing m157 and H-2Dd 

(Figures 6A and 6B). Each memory Ly49H+ NK cell subset expressing Ly49D and/or 

Ly49A degranulated more efficiently and produced more IFN-γ than naive Ly49H+ NK cell 

subsets after co-culture with target cells expressing m157 and H-2Dd (Figures 6A and 6B). 

Augmented effector functions of licensed Ly49A+ NK cell subsets, compared with 

unlicensed Ly49A− NK cell subsets, were preserved in memory Ly49H+ NK cells (Figures 

6A and 6B).

We investigated the contribution of Ly49D+Ly49H+ NK cells and Ly49A+Ly49H+ NK cells 

in host defense of B10.D2 mice against MCMV infection. When an equivalent number of 

naive B10.D2 Ly49H+ NK cells, naive Ly49D−Ly49H+ NK cells, or naive B10.D2 

Ly49A−Ly49H+ NK cells were transferred separately into syngeneic Ly49H-deficient mice, 

followed by infection with MCMV, recipient mice that received Ly49D−Ly49H+ NK cells 
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showed a higher viral burden in the blood on day 7 pi than did mice that received total naive 

Ly49H+ NK cells or Ly49A−Ly49H+ NK cells (Figure 6C). To confirm whether B10.D2 

memory Ly49D+Ly49A−Ly49H+ NK cells, which preferentially differentiate into memory 

NK cells during MCMV infection, provide effective host protection against a secondary 

MCMV infection, donor B10.D2 Ly49D+Ly49A−Ly49H+ NK cells were purified from 

recipient mice 1 month after infection and transferred into naive Ly49H-deficient recipient 

mice, followed by re-challenge with MCMV. Recipient mice transferred with B10.D2 

memory Ly49D+Ly49A−Ly49H+ NK cells exhibited improved viral control, as compared 

with mice that received B10.D2 naive Ly49D+Ly49A−Ly49H+ NK cells (Figure 6D). These 

findings demonstrate that B10.D2 memory Ly49H+ NK cells exert augmented effector 

functions and mount an effective anti-viral response against re-challenge with MCMV.

DISCUSSION

Here, we examined whether activating Ly49 receptors for self-MHC class I influence the 

activation, effector functions, and adaptive immune features, including antigen-specific 

expansion and generation of Ly49H+ memory NK cells, during MCMV infection. 

Furthermore, we investigated how MCMV-specific Ly49H+ NK cells co-expressing both 

inhibitory and activating Ly49 receptors recognizing the same self-MHC class I ligand 

respond and differentiate in response to MCMV. Prior studies have established that, in 

uninfected mice, NK cells expressing an inhibitory receptor for self-MHC class I are 

licensed and respond more vigorously when stimulated ex vivo (Anfossi et al., 2006; Kim et 

al., 2005). However, it has previously been reported that NK cells in β2-microglobulin-

deficient B6 mice, although unlicensed and hypo-responsive at steady-state, mount an 

efficient response to MCMV infection, indicating that this anergic state can be broken during 

infection (Sun and Lanier, 2008; Tay et al., 1995). Similarly, unlicensed NK cells in B6 

mice, hypo-responsive at steady-state, have been shown to dominate the response to MCMV 

infection (Orr et al., 2010). O’Leary and colleagues have reported that adoptively transferred 

liver NK cells from hapten-sensitized mice expressing an inhibitory receptor for MHC class 

I are preferentially capable of mounting a memory response upon recall (O’Leary et al., 

2006); however, because the receptor responsible for hapten recognition is not yet identified, 

it is unclear whether the NK cells lacking an inhibitory receptor for self-MHC class I lack 

the hapten-specific activating receptor. The role of activating Ly49 receptors in mice or 

activating KIR in humans that recognize self-MHC class I have not previously been 

investigated during an NK cell response to infection. Our findings reveal that the activating 

Ly49D receptor for self-MHC class I augments IFN-γ production by Ly49H+ NK cells in an 

acute phase of MCMV infection and thereafter provides a survival advantage by reducing 

activation-induced apoptosis during the course of MCMV infection, which contributes to the 

preferential differentiation of memory Ly49H+ NK cells expressing Ly49D and enhances 

host defense against challenge with MCMV. Each NK cell subset expressing the activating 

Ly49D and/or inhibitory Ly49A receptors has a distinct role in the control of MCMV at 

different phases of the response. Furthermore, our findings imply that the activating 

receptors for self-MHC class I have an importance for host protection against viral infection, 

especially in a situation where tolerance induced through the activating receptors at steady 

state is broken by an acute viral infection.
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Our prior studies demonstrated that unlicensed Ly49H+ NK cells in B6 mice, lacking the 

inhibitory Ly49C and/or Ly49I receptors that recognize self-MHC class I H-2Kb, 

preferentially expand during MCMV infection (Orr et al., 2010). In humans, HCMV-specific 

memory CD94-NKG2C+ NK cells express distinct patterns of activating and inhibitory KIR 

repertoires (Schlums et al., 2015). Notably, some HCMV-seropositive subjects who possess 

a homozygous KLRC2 (NKG2C)-null allele display expanded NK cell subpopulations 

exclusively expressing an activating KIR but not an inhibitory KIR that recognizes the same 

HLA class I molecule as the activating KIR (Béziat et al., 2013). Further, whereas 

expression of self HLA-Bw4 ligands for the inhibitory KIR3DL1 does not result in the 

preferential expansion or survival of KIR3DL1+CD94-NKG2C+ NK cells (Lopez-Vergès et 

al., 2011), a preferential response of KIR2DL+CD94-NKG2C+ NK cells is observed during 

HCMV infection in individuals bearing self-HLA-C ligands (Béziat et al., 2013; Foley et al., 

2012a), suggesting that different inhibitory receptors could have different impacts on 

memory formation. Our findings in mice provide insights into the involvement of activating 

and inhibitory KIRs in the differentiation of HCMV-responsive NK cells in humans.

Our prior studies have reported that the antigen specificity of memory Ly49H+ NK cells is 

defined by the expression of activating receptors, and memory NK cells show enhanced 

responses when stimulated ex vivo through various activating receptors, including Ly49D 

(Nabekura and Lanier, 2014; Sun et al., 2009). Although these findings were obtained under 

conditions without NK cell tolerance mediated by an activating Ly49 recognizing a self-H-2 

ligand, they have important implications for allogeneic transplantation in humans. Patients 

who receive allogeneic hematopoietic stem cell transplantation for the treatment of AML 

have a reduced risk of the relapse when the donor and/or recipient are HCMV seropositive 

before the transplantation (Behrendt et al., 2009; Elmaagacli et al., 2011). These 

observations raise the intriguing possibility that HCMV-induced memory NK cells bearing 

an activating KIR capable of recognizing allogeneic HLA class I on AML cells might 

contribute to the eradication of minimal residual disease. AML-affected patients who 

undergo allogeneic hematopoietic stem cell grafts with the activating KIR2DS1, which 

recognizes group 2 HLA-C ligands of KIR2DS1 but not group 1 HLA-C ligands not 

recognized by KIR2DS1, have a lower rate of relapse (Venstrom et al., 2012). KIR2DS1-

positive allografts from donors who were homozygous or heterozygous for group 1 HLA-C 

could mediate this anti-leukemic effect, whereas those from donors who were homozygous 

for group 2 HLA-C, in which donor NK cells are tolerized, did not provide any advantage 

(Venstrom et al., 2012). Taken together, these results suggest that the choice of donors who 

have memory NK cells with activating KIRs that recognize the recipient’s HLA class I 

ligands might have the most beneficial effect on the prevention of relapse of hematological 

malignancies. Further studies of NK cell tolerance, licensing, and their interplay with 

adaptive immune features of NK cells will provide opportunities for developing effective 

and safe NK-cell-based therapies against infectious diseases and cancers.
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EXPERIMENTAL PROCEDURES

Mice and MCMV

C57BL/6 (B6) mice were purchased from the National Cancer Institute. B10.D2 (B10.D2-

Hc1H2dH2-T18c/nSnJ) mice were purchased from the Jackson Laboratory. Wild-type (WT) 

and Ly49H-deficient (Klra8−/−) (Fodil-Cornu et al., 2008) (generously provided by Dr. S. 

Vidal, McGill University) mice on B6 and B10.D2 backgrounds were maintained at the 

University of California, San Francisco in accordance with the guidelines of the institutional 

animal care and use committee. Smith-strain MCMV was prepared by homogenizing 

salivary glands harvested from BALB/c mice as described previously (Brune et al., 2001). 

B6 mice were infected by intraperitoneal injection of 2.5–10 × 103 plaque-forming units 

(pfu) MCMV. B10.D2 mice were depleted of CD8+ T cells on the day before infection by 

intraperitoneal injection of 200 μg anti-CD8 (clone 2.43) monoclonal antibody (mAb) and 

infected by intraperitoneal injection of 1–5 × 104 pfu MCMV. We observed that B10.D2 

mice mount a more robust response against MCMV than B6 mice do; therefore, CD8+ T 

cells were depleted in the B10.D2 mice prior to infection to achieve a similar NK cell 

response early after MCMV infection (data not shown). Depletion of CD8+ T cells did not 

affect the differentiation of Ly49H+ NK cells expressing Ly49D and/or Ly49A (data not 

shown).

NK Cell Enrichment and Adoptive Transfer

NK cells were enriched by incubating splenocytes with purified rat mAbs against mouse 

CD4, CD5, CD8, CD19, Gr-1, and Ter119, followed by anti-rat IgG antibodies conjugated to 

magnetic beads (QIAGEN), as described previously (Nabekura et al., 2014). In some 

experiments, enriched NK cells were stained with antibodies against TCRβ and B220, and 

NK cells were purified by sorting non-T cell and non-B cell lymphocytes with a FACSAria 

III (BD Biosciences). In some experiments, enriched NK cells were stained with anti-Ly49D 

(clone 4E5) mAb and anti-Ly49A (clone YE1/48.10.6) mAb, and Ly49D− NK cells, Ly49A− 

NK cells, and Ly49D+Ly49A− NK cells were purified with a FACSAria III (BD 

Biosciences). 100,000 Ly49H+ NK cells were injected intravenously into syngeneic Ly49H-

deficient mice on the day before MCMV infection.

Flow Cytometry

Fc receptors (CD16 and CD32) were blocked with 2.4G2 mAb before surface or 

intracellular staining with the indicated fluorochrome-conjugated mAbs or isotype-matched 

control antibodies (BD Biosciences, eBioscience, BioLegend, or TONBO Biosciences). For 

measuring apoptosis, we stained cells by using the FAM FLICA poly caspase assay kit 

(ImmunoChemistry Technologies) according to the manufacturer’s protocol and with 

antibodies against cell surface molecules. Samples were acquired on an LSRII or a 

FACSCalibur (BD Biosciences) and analyzed with FlowJo software (Tree Star).

Measurement of MCMV Load

20,000 or 50,000 B10.D2 naive or memory Ly49H+ NK cells were transferred separately 

into Ly49H-deficient B10.D2 mice that had been depleted of CD8+ T cells on the day before 
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infection and infected with 1 × 104 pfu MCMV. The copy number of MCMV IE1 gene in 

DNA prepared from peripheral blood on day 7 pi was determined by qPCR analysis with a 

SYBR green master mix reagent (Roche), as described previously (Kamimura and Lanier, 

2014; Nabekura et al., 2014).

Ex Vivo Stimulation of NK Cells

100,000 NK cells were co-cultured with 1 ×105 RMA or RMA transfectants expressing 

m157 and H-2Dd for 5 hr at 37°C in the presence of PE-conjugated anti-CD107a mAb and 

GolgiStop (BD Biosciences), followed by staining for surface molecules and intracellular 

IFN-γ as described previously (Nabekura and Lanier, 2014).

Statistical Methods

Student’s t test was used to compare results. The Mann-Whitney U test was used to compare 

MCMV viral titers. p < 0.05 was considered statistically significant.
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Highlights

• Ly49D-recognizing self-MHC class I augments IFN-γ production from 

Ly49H+ NK cells

• Ly49D contributes to survival of Ly49H+ NK cells responding to 

MCMV

• Ly49A impedes the formation of memory Ly49H+ NK cells responding 

to MCMV
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Figure 1. B10.D2 Ly49D+Ly49A−Ly49H+ NK Cells Undergo Less Homeostatic Turnover and 
Have Diminished Effector Functions
(A and B) Ki67 expression by naive Ly49H+ NK cell subsets expressing Ly49D and/or 

Ly49A in the spleen of B6 and B10.D2 mice. Data are representative of three experiments (n 

= 1–3 in each experiment).

(B) Percentages of Ki67+Ly49H+ NK cells were quantified. Data were pooled from three 

experiments (n = 7 mice in each group).

(C and D) Degranulation (C) and IFN-γ production (D) of B6 and B10.D2 naive Ly49H+ 

NK cell subsets expressing Ly49D and or Ly49A after co-culture with RMA or RMA cells 

expressing m157 and H-2Dd. Data are representative of three experiments (n = 5 or 6 in each 

group).

(E and F) Degranulation (E) and IFN-γ production (F) of B10.D2 naive Ly49H+ NK cell 

subsets expressing Ly49G2 and/or Ly49A after co-culture with RMA or RMA cells 

expressing m157 and H-2Dd. Data are pooled from two experiments (n = 8 in each group).

*p < 0.05, **p < 0.005. Error bars show SEM.
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Figure 2. Ly49D and Ly49A Enhance Activation and IFN-γ Production of B10.D2 Ly49H+ NK 
Cells in the Early Course of MCMV Infection
B6 mice were infected with 1 × 104 pfu MCMV. B10.D2 mice were depleted of CD8+T cells 

onthe day before infection and theninfected with 5×104 pfu MCMV.

(A) IFN-γ production of Ly49H+ NK cell subsets expressing Ly49D and or Ly49A in the 

spleen on day 1.5 pi. Data are representative of two experiments (n = 3–4 in each 

experiment).

(B) Delta mean fluorescent intensity (ΔMFI) of IFN-γ in Ly49H+ NK cells was quantified. 

Data were pooled from two experiments (n = 7 mice in each group). Bold and thin lines 

represent Ly49H+ NK cells in infected mice and Ly49H+ NK cells in uninfected mice, 

respectively. *p < 0.05. Error bars show SEM.
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Figure 3. Ly49D Suppresses Activation and Cell-Cycle Progression of B10.D2 Ly49H+ NK Cells 
at the Peak of NK Cell Response after MCMV Infection
B6 mice were infected with 1 × 104 pfu MCMV. B10.D2 mice were depleted of CD8+ T 

cells on the day before infection and then infected with 5 × 104 pfu MCMV.

(A) An activation and differentiation marker Ly6C on Ly49H+ NK cell subsets expressing 

Ly49D and or Ly49A in the spleen on day 7 pi. Data are representative of four experiments 

(n = 3–4 in each experiment).

(B) Fold change of percentages of Ly6C+Ly49H+ NK cells was quantified. Data were pooled 

from two experiments (n = 7 mice in each group).

(C) Ki67 expression by Ly49H+ NK cell subsets expressing Ly49D and or Ly49A in the 

spleen on day 7 pi. Data are representative of two experiments (n = 3 or 4 in each 

experiment).

(D) Percentages of Ki67+Ly49H+ NK cells were quantified. Data were pooled from two 

experiments (n = 7 mice in each group). Bold and thin lines represent Ly49H+ NK cells in 

infected mice and Ly49H+ NK cells in uninfected mice, respectively.

*p < 0.005. Error bars show SEM.
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Figure 4. B10.D2 Ly49A+Ly49H+ NK Cells are More Sensitive to Cell Death and B10.D2 
Ly49D+Ly49H+ NK Cells Maintain Expression of Bcl-2 during MCMV Infection
B6 mice were infected with 1 × 104 pfu MCMV. B10.D2 mice were depleted of CD8+ T 

cells on the day before infection and infected with 5 × 104 pfu MCMV.

(A) FLICA in Ly49H+ NK cell subsets expressing Ly49D and or Ly49A in the spleen on day 

7 pi. Data are representative of two experiments (n = 2–4 in each experiment).

(B) Percentages of FLICA+Ly49H+ NK cells were quantified. Data were pooled from two 

experiments (n = 6 mice in each group).

(C) Expression of Bcl-2 in Ly49H+ NK cell subsets expressing Ly49D and or Ly49A in the 

spleen on day 10 pi. Data are representative of two experiments (n = 2 or 3 in each 

experiment).

(D) ΔMFI of Bcl-2 in Ly49H+ NK cells was quantified and calculated by subtracting the 

MFI values for Bcl-2 staining in the indicated NK cells subsets in uninfected mice from the 

MFI values in infected mice. Data were pooled from two experiments (n = 5 mice in each 

group). Bold and thin lines represent Ly49H+ NK cells in infected mice and Ly49H+ NK 

cells in uninfected mice, respectively.

*p < 0.05, **p < 0.01, ***p < 0.005. Error bars show SEM.
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Figure 5. B10.D2 Ly49D+Ly49A−Ly49H+ NK Cells Predominate and Preferentially Differentiate 
into Memory NK Cells during MCMV Infection
100,000 B6 Ly49H+ NK cells were transferred into syngeneic Ly49H-deficient B6 mice on 

the day before infection and then infected with 2.5–5 × 103 pfu MCMV. 100,000 B10.D2 

Ly49H+ NK cells were transferred into syngeneic Ly49H-deficient B10.D2 mice that had 

been depleted of CD8+ T cells on the day before infection and then infected with 1–2.5 × 

104 pfu MCMV.

(A) The percentages of donor Ly49H+ NK cells in the blood over the course of infection are 

shown.

(B) The percentages of donor Ly49H+ NK cell subsets expressing Ly49D and or Ly49A in 

the blood over the course of infection were represented as the ratio relative to the 

percentages of donor Ly49H+ NK cell subsets in the blood on day 0 (pre-infection). Data are 

pooled from two experiments (n = 6 or 7 in each group).

(C) Ly49H+ NK cell subsets expressing Ly49D and or Ly49A in the spleen on days 0, 10, 

and 29 pi. Data are representative of four experiments (n = 2–4 in each experiment).

*p < 0.05, **p < 0.005 versus day 0. Error bars show SEM.
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Figure 6. B10.D2 Memory Ly49H+ NK Cells Exert Augmented Effector Functions and Provide 
Protective Host Defense against Re-challenge with MCMV
B10.D2 Ly49H+ NK cells were transferred into Ly49H-deficient B10.D2 mice that had been 

depleted of CD8+ T cells on the day before infection and then infected with 1 × 104 pfu 

MCMV. Memory Ly49H+ NK cells were enriched from spleens of recipient mice 25–29 

days pi.

(A and B) Degranulation (A) and IFN-γ production (B) of B10.D2 naive and memory 

Ly49H+ NK cell subsets expressing Ly49D and or Ly49A after co-culture with RMA or 

RMA cells expressing m157 and H-2Dd. Data are pooled from three experiments (n = 9–11 

in each group). *p < 0.05, **p < 0.005 versus naive NK cell subsets.

(C) 50,000 B10.D2 naive Ly49H+ NK cells, Ly49D−Ly49H+ NK cells, and Ly49A−Ly49H+ 

NK cells were purified from spleens of uninfected mice and transferred into Ly49H-deficient 

B10.D2 mice that had been depleted of CD8+ T cells on the day before infection and then 

infected with MCMV. The copy number of MCMV IE1 gene in the blood on day 7 pi was 

analyzed by qPCR.

(D) B10.D2 naive Ly49D+Ly49A−Ly49H+ NK cells were purified from spleens of 

uninfected mice. B10.D2 memory Ly49D+Ly49A−Ly49H+ NK cells were purified from 

spleens of recipient mice 25 days pi. 20,000 B10.D2 naive and memory 

Ly49D+Ly49A−Ly49H+ NK cells were transferred into Ly49H-deficient B10.D2 mice that 

had been depleted of CD8+ T cells on the day before infection and then infected with 

MCMV. The copy number of MCMV IE1 gene in the blood on day 7 pi was analyzed by 

qPCR. Data are pooled from two experiments (n = 5–8 in each group).

*p < 0.05. Error bars show SEM.
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