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Abstract

While interactions between inhibitory Ly49 receptors and their self-MHC class I ligands 

in C57BL/6 mice are known to limit Natural Killer (NK) cell proliferation during mouse 

cytomegalovirus (MCMV) infection, we created a 36-marker mass cytometry (CyTOF) panel 

to investigate how these inhibitory receptors impact the NK cell response to MCMV in other 

phenotypically measurable ways. More than two-thirds of licensed NK cells (i.e. those expressing 

Ly49C, Ly49I, or both) in uninfected mice had already differentiated into NK cells with 

phenotypes indicative of antigen encounter (KLRG1+ Ly6C–) or memory-like status (KLRG1+ 

Ly6C+). These pre-existing KLRG1+ Ly6C+ NK cells resembled known antigen-specific memory 

NK cell populations in being less responsive to IL-18 and IFNα stimulation in vitro, and by 

selecting for NK cell clones with elevated expression of a Ly49 receptor. During MCMV infection, 

the significant differences between licensed and unlicensed (Ly49C– Ly49I–) NK cells disappeared 

within both cytomegalovirus-specific (Ly49H+) and non-specific (Ly49H–) responses. This lack 

of heterogeneity carried into the memory phase with only a difference in CD16 expression 

manifesting between licensed and unlicensed MCMV-specific memory NK cell populations. Our 

results suggest that restricting proliferation is the predominant effect licensing has on the NK cell 

population during MCMV infection, but the inhibitory Ly49-MHC interactions that take place 

ahead of infection contribute to their limited expansion by shrinking the pool of licensed NK cells 

capable of robustly responding to new challenges.
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Introduction

Natural Killer (NK) cells monitor other cells for signs of infection or tumorigenesis 

and eliminate them when identified (1). They accomplish this surveillance through 

two complementary methodologies: positive recognition of stress ligands, viral proteins, 

antibody-opsonized cells, or other “non-self” molecules by stimulatory and co-stimulatory 

receptors (2), and by a “missing-self” mechanism in which inhibitory NK cell receptors 

(NKRs) are no longer engaged due to the downregulation of MHC class I molecules on 

unhealthy cells (3). Not all NK cells are equally capable of both strategies, however. Many 

NKRs, such as those of the Ly49 receptor family in mice and killer cell immunoglobulin-

like receptor family in humans, are not guaranteed to be on every NK cell, but instead 

depend upon a semi-stochastic process during development for expression (4–6). That 

randomness is further complicated by allelic polymorphisms (7), epigenetic factors (8–10), 

and environmental conditions (11–13). The end result is a pool of cells comprising almost 

any given combination of activating and inhibitory NKRs with variegated expression levels 

of those NKRs. That means some proportion of mature NK cells will lack inhibitory 

receptors capable of recognizing the MHC class I alleles expressed within the same 

organism. Such “unlicensed” NK cells at steady-state are unprepared to perform missing-self 

recognition, and are additionally hyporesponsive to activating stimuli in vitro due to a lack 

of ‘education’ through those inhibitory NKR-MHC interactions (14–16).

Nevertheless, if unlicensed cells are exposed to proinflammatory cytokines, they become 

as responsive to stimulatory ligands as their licensed NK cell counterparts (i.e. the NK 

cells expressing inhibitory NKRs engaging self-MHC class I ligands) (14, 15, 17). The 

unlicensed NK cells may even be at an advantage after cytokine stimulation due to the 

lack of a concurrent and dominant inhibitory signal (17–19). A clear example of when 

unlicensed cells are at an advantage is during mouse cytomegalovirus (MCMV) infection 

of C57BL/6 (B6) mice. Proliferation of NK cells expressing Ly49C and/or Ly49I, which 

are the NKRs responsible for licensing in B6 mice, is dramatically limited in comparison 

to unlicensed cells, ultimately making licensed cells less protective (17). This restriction 

results from the recruitment of the phosphatase SHP-1 to the immunological synapse 

via the immunoreceptor tyrosine-based inhibitory motifs in the cytoplasmic domains of 

these receptors (20, 21). SHP-1 then dephosphorylates Vav-1 (2, 18), a guanine nucleotide 

exchange factor and adaptor molecule with a key role in promoting lymphocyte proliferation 

(22).

The activities of Vav1 in NK cell function are multifaceted (23–25), however, and whether 

the impact of licensing on the NK cell response under inflammatory conditions extends 

beyond proliferation has not been investigated. In pursuit of this aim, we constructed a 

36-marker mass cytometry immunophenotyping panel for the analysis of Group 1 ILCs and 

applied it to the model of MCMV infection of B6 mice. As prefaced, these mice express 

the inhibitory Ly49C and/or Ly49I receptors on a subset of their NK cells, and those cells 

are then educated through their interactions with the MHC class I H2-Kb allele (26). B6 

mice also express the activating NKR Ly49H, a receptor that enables the direct identification 

and killing of MCMV-infected cells via recognition of the viral glycoprotein m157 (27, 28). 

Thus, four critical populations are present within B6 mice: licensed and unlicensed versions 
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of both m157 antigen-specific and antigen non-specific NK cells. The antigen-specific 

response additionally results in the formation of an NK cell memory population (29), 

ultimately allowing us to phenotypically compare licensed and unlicensed cells not only 

during the expansion and contraction phases, but also in the memory phase of an immune 

response.

Materials and Methods

Animals.

B6 mice were purchased from the National Cancer Institute at 6 weeks of age and housed 

in the specific pathogen-free animal facility at the University of California San Francisco 

(UCSF) thereafter, in accordance with the guidelines of the Institutional Animal Care and 

Use Committee. Klra8−/− (Ly49H-deficient) B6 mice were bred and maintained in the same 

facility. Germ-free B6 mice were bred and maintained within the UCSF Gnotobiotic Core. 

Experiments used mice of both genders, aged 8–12 weeks.

MCMV infection.

Wild-type B6 mice were infected with 1000 plaque-forming units (PFU) of Smith strain 

MCMV via intraperitoneal injection. Ly49H-deficient mice received 1 PFU. Peripheral 

blood mononuclear cells were acquired at 7 days post-infection (DPI) from mice in the 14, 

28, and 35 DPI groups and examined by flow cytometry. Infection status of these animals 

was confirmed via the observation of KLRG1 upregulation on NK cells and CD8+ T cells.

Mass Cytometry Antibodies.

All were commercially available except for the anti-NKR-P1B antibody clone 2D12, which 

was generously provided by Drs. Wayne Yokoyama and Koho Iizuka (30). Of note, the 5E6 

antibody used to differentiate licensed and unlicensed NK cells binds to both Ly49C and 

Ly49I but is limited in its ability to detect Ly49C+ Ly49I– cells in B6 mice due to epitope 

masking via cis interactions with MHC-I molecules (31). 2B4 (m2B4, Biolegend #133501, 

Panel 1: Sm147, Panel 2: Sm147), CD2 (RM2–5, Biolegend #100102, Panel 1: Dy164, 

Panel 2: Dy164), CD3 (17A2, Biolegend #100202, Panel 1: Gd157, Panel 2: Gd157), CD8 

(53–6.7, Biolegend #100702, Panel 1: Gd155, Panel 2: Gd155), CD11a (M17/4, Biolegend 

#101101, Panel 1: Dy161, Panel 2: n/a), CD11b (M1/70, Biolegend #101202, Panel 1: 

In113, Panel 2: Ho165), CD16 (AT154–2, Bio-Rad #MCA5998, Panel 1: Nd144, Panel 

2: Nd144), CD19 (6D5, Biolegend #115502, Panel 1: Yb173, Panel 2: Yb173), CD26 

(H194–112, Biolegend #137802, Panel 1: n/a, Panel 2: Er167), CD27 (LG.3A10, Biolegend 

#138302, Panel 1: Ce140, Panel 2: Bi209), CD32 (AT130–5, Bio-Rad #MCA6000, Panel 

1: Yb171, Panel 2: Eu153), CD45 (30-F11, Biolegend 103102, Panel 1: In115, Panel 2: 

In113), CD49b (DX5, Invitrogen #14–5971-85, Panel 1: Sm152, Panel 2: Sm152), CD69 

(H1.2F3, Biolegend #104502, Panel 1: Sm154, Panel 2: Sm154), CD90 (30-H12, Biolegend 

#105302, Panel 1: Yb176, Panel 2: Yb176), CD96 (3.3, Biolegend #131704, Panel 1: 

Nd146, Panel 2: Nd146), CD127 (A7R34, Biolegend #135002, Panel 1: Nd150, Panel 2: 

Nd150), CD132 (TUGm2, Biolegend #132304, Panel 1: Nd142, Panel 2: Nd142), CD137 

(17B5, Biolegend #106114, Panel 1: Er167, Panel 2: Er166), CD200R1 (OX-110, Biolegend 

#123902, Panel 1: Ho165, Panel 2: n/a), CEACAM-1 (Mab-CC1, Biolegend #134504, Panel 
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1: Gd156, Panel 2: Gd156), CXCR6 (SA051D1, Biolegend #151102, Panel 1: Er166, Panel 

2: n/a), DNAM-1 (TX42.1, Biolegend #133630, Panel 1: Sm149, Panel 2: Sm149, IFNAR 

(MAR1–5A3, Biolegend #127302, Panel 1: Nd148, Panel 2: Nd148), IL-18Ra (A17071D, 

Biolegend #157902, Panel 1: Lu175, Panel 2: Lu175, KLRG1 (2F1, Invitrogen #16–5893, 

Panel 1: Yb172, Panel 2: Yb172), LAG-3 (C9B7W, Biolegend #125202, Panel 1: n/a, Panel 

2: Yb171), Ly6C (HK1.4, Biolegend #128002, Panel 1: Eu151, Panel 2: Pr141), Ly49A 

(YE1/48.10.6, Biolegend #94015 [discontinued], Panel 1: Dy163, Panel 2: n/a), Ly49C/I 

(5E6, BD Biosciences #553273, Panel 1: Bi209, Panel 2: Er168), Ly49D (4E5, Biolegend 

#138302, Panel 1: La139, Panel 2: Eu151), Ly49G2 (4D11, BD Biosciences #555314, 

Panel 1: Yb174, Panel 2: Yb174), Ly49H (3D10, Biolegend #144702, Panel 1: Pr141, 

Panel 2: Tb159), NK1.1 (PK136, Biolegend #108702, Panel 1: Gd160, Panel 2: Gd160), 

NKG2ACE (20d5, Invitrogen #16–5896-85, Panel 1: Gd158, Panel 2: Gd158), NKG2D 

(CX5, Biolegend #130202, Panel 1: Er170, Panel 2: Er170), NKp46 (29A1.4, Biolegend 

#137602, Panel 1: Tm169, Panel 2: Tm169), NKR-P1B (2D12, Panel 1: Nd143, Panel 2: 

Nd143), PD-1 (29F.1A12, Biolegend #135202, Panel 1: Tb159, Panel 2: n/a), TIGIT (1G9, 

Biolegend #142012, Panel 1: n/a, Panel 2: Dy163).

Antibodies were conjugated to their associated metals with MaxPar X8 labeling reagent kits 

(DVS Sciences) according to manufacturer instructions, diluted with Candor PBS Antibody 

Stabilization solution (Candor Bioscience) supplemented with 0.02% sodium azide, and 

filtered through an UltrafreeMC 0.1 μm centrifugation filter (Millipore) before storage at 

4° C. Each metal-bound antibody was titrated on splenocytes collected from untreated 

wild-type B6 mice or B6 mice that received 150 μg of poly(I:C) via intraperitoneal injection 

18-hours ahead of collection.

Sample Preparation for Mass Cytometry.

Spleens were mechanically dissociated using the flat end of the plunger from a 1 mL syringe 

and filtered through a 40 μm strainer. Following red blood cell lysis using ACK lysis buffer, 

cells were washed and re-suspended in PBS + 5 mM EDTA (PBS/EDTA). The suspension 

was then mixed 1:1 with PBS/EDTA containing 100 mM cisplatin (Enzo Life Sciences) for 

viability staining. After one minute, PBS + 5 mM EDTA + 0.5% bovine serum albumin 

(CyTOF Staining Media) was added at 1:1. Cells were washed, resuspended in CyTOF 

Staining Media, and counted.

One million splenocytes from each mouse were transferred into individual staining tubes 

and stained with metal-conjugated antibodies against CD16 and CD32b for 15 minutes 

at room temperature in 100 μL volume. Following this initial incubation, an Fc blocking 

antibody (clone 2.4G2) was mixed into each stain and left for another 15 minutes at 

room temperature. Cells were washed twice before being stained with a master mix of 

all remaining metal-conjugated antibodies for 30 minutes at room temperature in 100 μL 

volume.

For cells stained with the initial panel, following the antibody stain, cells were washed 

and then fixed for 10 minutes at room temperature using 1.6% paraformaldehyde (PFA) in 

PBS/EDTA. After another wash with PBS/EDTA, they were resuspended in PBS/EDTA + 

10% dimethyl sulfoxide and stored at −80° C for barcoding at a later date. Cells stained 
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with the updated panel were not frozen, but instead were fixed and kept in 3.2% PFA in 

PBS/EDTA at 4°C for 3–5 days before proceeding to barcoding.

For barcoding, each sample was thawed, if necessary, washed once, and then resuspended 

in 1x Barcode Perm Buffer (Fluidigm). Splenocytes from each mouse were labeled with 

one of 20 distinct combinations of Pd isotopes, as described previously (32). When more 

than 20 mice were barcoded at once, as during the side-by-side infection of wild-type and 

Ly49H-deficient mice, samples from each genotype were split evenly between different sets 

of the barcode combinations. After washing in PBS/EDTA, all cells from each set of 20 

barcodes were pooled. Pooled cells were then fixed in a 3.2% PFA in PBS/EDTA solution 

containing a 1:1000 dilution of a 191/193 Ir DNA intercalator (Fluidigm) and kept at 4° C 

overnight.

Mass Cytometry Data Acquisition and Normalization.

Just prior to analysis, the barcoded samples were pelleted, washed in CyTOF Staining 

Media, washed twice more in double-deionized (dd) water, and then resuspended in dd 

water containing a 1:20 dilution of EQ™ Four Element Calibration Beads (Fluidigm) at a 

concentration of approximately 106 cells/mL. The mixture was filtered through a 35 μm cell 

strainer and then analyzed on a CyTOF2-Helios mass cytometer (Fluidigm). The resulting 

data files were normalized using the mass cytometry data normalization algorithm (33), 

which uses the calibration beads to correct for inconsistencies in sample detection over time.

viSNE/FlowSOM Plot Generation.

After normalization and de-barcoding, live singlets were identified on the basis of DNA 

and a negative cisplatin stain. Group 1 ILCs were selected initially selected as CD2+ 

CD3– CD19– 2B4+ NK1.1+ before revising the phenotype to CD2+ CD3– CD8– CD19– 

2B4+ CEACAM-1lo/- when splenocytes from infected mice were included in the analysis. 

Example gating strategies can be found within Supplementary Figure 1. FCS files containing 

the events isolated as Group 1 ILCs were uploaded into the web-based CytoBank platform 

(34), and viSNE plots were generated there (35). All files were sampled equally, and 

all antibody-targeted markers were used for clustering unless otherwise noted. Where 

applicable, secondary analysis of the viSNE plots was done by FlowSOM (36). FlowSOM 

clustering was based solely on the tSNE1 and tSNE2 channels, and the hierarchical 

consensus clustering methodology was employed. The number of metaclusters and clusters 

were determined based on iterative testing.

HeatMaps Generation.

For heatmaps representing FlowSOM metaclustering results, cluster median and abundances 

were downloaded from the CytoBank platform. Cluster medians were scaled within each 

channel as percentage of max and then grouped by metacluster. Values for each channel 

within a metacluster were then determined as the weighted average of the scaled cluster 

medians with weighting determined by cluster abundances. Heatmaps were then generated 

in R (R Core Team, 2020) using the ComplexHeatmap package. The heatmap in Figure 6 

was generated by manually gating the four Ly49I and Ly49H subsets with FlowJo software 

(Tree Star), exporting the event data for each group at each timepoint, and then proceeding 
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to scale and average the data. To avoid the impact of outliers while scaling the data, the 

values used for scaling were the medians of the top 100 events within each channel. After 

generating the heatmap in R, the columns were manually reorganized by time point and 

Ly49I and Ly49H subsets.

Principal Component Analysis and Euclidean Distance Calculations.

Principal component analysis was performed on data matrices using the basic Stats package 

in R. For the analysis in Figure 1, the relevant matrix was that which was used to generate 

the heatmap. For the infection data, Ly49I-positive and -negative subsets were manually 

gated in FlowJo with the additional separation into Ly49H-positive and -negative subsets 

if possible. That data was exported, scaled within each channel as percent of max, and 

then averaged as for the Figure 6 heatmap. In each case, only two components explained 

more than 10% of the variance. For the calculation of similarity between Ly49I+ and Ly49I– 

subsets, the Euclidean distance between all pairs of Ly49I+ and Ly49I– cells, stratified by 

Ly49H, at each time point was determined.

Flow Cytometry.

Splenocytes from wild-type or infected mice were isolated by mechanical dissociation 

through a 0.4 μm cell strainer and freed from red blood cells by treatment with ACK lysis 

buffer. Surface staining was performed using pre-conjugated antibodies and samples were 

run on an LSR II cytometer (BD Biosciences). The antibodies used for flow cytometry were: 

CD2 (RM2–5, BioLegend #100104), CD3ε (145–2C11, BioLegend #100349 and #100330), 

CD8α (53–6.7, BD Biosciences #612759), CD16 (S17014E, BioLegend #158004), CD19 

(6D5, BioLegend #115534 and #115546), CD49b (DX5, BD Biosciences #563063 and 

#108922), CD90.2 (30-H12, BioLegend #105320), NK1.1 (PK136, BD Biosciences 

#564144 and BioLegend #108739), 2B4 (m2B4 [B6]458.1 BioLegend, #133516), KLRG1 

(2F1, BioLegend #138429), Ly6C (HK1.4, BioLegend #128049), Ly49C (4LO3311, a 

generous gift from Dr. Wayne Yokoyama (14)), Ly49H (3D10, BioLegend #144710 and BD 

Biosciences #744260), Ly49I (YLI-90, ThermoFisher #11–5895-82), FcεRIγ (polyclonal, 

EMD Millipore, # FCABS400F), rabbit IgG isotype control (Polyclonal, Invitrogen, #11–

4614-80). An unconjugated anti-CD16/CD32 antibody (clone 2.4G2, UCSF Antibody Core) 

was used to block non-specific binding. In experiments measuring CD16 expression, cells 

were stained with the fluorophore-conjugated anti-CD16 antibody prior to treatment with 

2.4G2, as the latter blocks binding of the CD16-specific antibody. An example gating 

strategy is presented in Supplementary Figure 1. Data were analyzed in FlowJo.

In Vitro Stimulation Assays.

Splenocytes were harvested and processed into single cell suspensions and RBC lysed. 

Cells were then stained for surface markers (NK1.1, NKp46, CD3ε, CD19, Ly6C, KLRG1, 

Ly49I, and Ly49H) and viability (Zombie Red, BioLegend), and then rested for 1 

hour at 37° C in 75 μL of RPMI-1640 (RPMI) supplemented with 2 mM glutamine, 

100 U/ml penicillin, 100 μg/ml streptomycin, 50 μg/ml gentamicin, 110 μg/ml sodium 

pyruvate, 50 μM 2-mercaptoethanol, 10 mM HEPES, and 10% FCS. Splenocytes were 

then stimulated with IFN-α1 (BioLegend) or IL-18 (BioLegend) in 2-fold dilution series 

in 75μL of supplemented RPMI, starting at 50 ng/mL or 10 ng/mL, respectively. Cells 
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were incubated at 37° C for 15 minutes, and then fixed using 150 μL of FluoroFix 

(BioLegend), followed by permeabilizing using True-Phos Perm buffer as recommended 

by manufacturer (BioLegend). Cells were then intracellularly stained with antibodies against 

phospho-STAT1Ser727 (S727) (clone A15158B, BioLegend), and phospho-p38 (clone 36/p48 

(pT180/pY182), BD Biosciences. Cells were then analyzed using a flow cytometer.

Determination of MCMV Titer.

An aliquot of MCMV at a starting concentration of 10,000 PFU/mL was diluted to 

500 PFU/mL using sterile PBS, and then serially diluted by 5-fold to concentration of 

100 PFU/mL and 20 PFU/mL. A portion of the 20 PFU/mL aliquot was additionally 

diluted 2-fold to generate a 10 PFU/mL. Wild-type mice were infected with 100 μL 

of the original 10,000 PFU/mL aliquot (i.e. 1000 PFU), while Ly49H-deficient mice 

were infected with 100 μL of each of the four dilutions (50 PFU, 10 PFU, 2 PFU, 

and 1 PFU). At 7 DPI, the mice were euthanized, and spleens recovered. Spleens were 

weighed before being mechanically dissociated through a 40 μm cell strainer and suspended 

in DMEM. DNA was isolated from a portion of the splenocyte suspension using the 

Reliaprep Blood gDNA miniprep kit (Promega) according to manufacturer’s instructions. 

Real-time PCR was performed with the SYBR Green Master Mix reagent (Invitrogen) 

under standard conditions. Primers were designed to detect the IE1 gene of MCMV. 

Forward Primer: 5’ – AGCCACCAACATTGACCACGCAC – 3’; Reverse Primer: 5’ – 

GCCCCAACCAGGACACACAACTC – 3’. Copies per reaction were determined and used 

to calculate the estimated number of copies of IE1 DNA per mg of spleen (37).

Statistical Analysis.

Statistical analyses were made using Prism v9 (GraphPad Software Inc.). Most comparisons 

were evaluated by two-way ANOVA with the Benjamini and Yekutieli correction, matching 

cellular subsets isolated from the same mice when possible. Results with p <0.05 were 

considered significant. Error bars represent standard deviation from the mean unless 

otherwise noted.

Results

Group 1 ILCs form six major subsets

We devised a 36-marker mass cytometry panel tailored toward Group 1 ILCs (Panel 

1), which includes NK cells and ILC1, and first examined splenocytes from uninfected 

8-week-old B6 mice. A total of 29,800 Group 1 ILCs (CD2+ CD3– CD19– 2B4+ NK1.1+ 

CEACAM-1lo/–) were clustered by viSNE (35) and analyzed by FlowSOM (36) to identify 

different metaclusters within the data (Figure 1a). Repeated testing showed isolation of 

ILC1s as a distinct subset required a minimum of 13 metaclusters. These ILC1s were 

CD49b+/− CD11b– CD27+ and expressed higher levels of CD69, CD127, and CD200R1 

(Figure 1b), as previously reported (38–40). We additionally found ILC1s to express 

significantly more CD96, CD132, DNAM-1, NKp46, and NKR-P1B compared to all NK 

cell subsets, and more IL18Ra and NKG2D than all but one NK cell subset (Supplementary 

Figure 2). The remaining 12 metaclusters were all CD49b+ CD127lo/- CD200R1– NK cells. 

However, five pairs of clusters (M2a/b, M3b/c, M4a/b, and M5a/b) differed according to 
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the same dichotomy – preferential expression of activating Ly49 receptors or NKG2ACE 

(Figure 1b). Similarly, cells bound or unbound by the antibody clone 5E6, an antibody 

capable of recognizing both Ly49C and Ly49I (though limited to Ly49I recognition in B6 

mice (31)), drove two other bifurcation events (M3a/bc, M4ab/c). These repetitive events 

suggested an over-partitioning of NK cell subsets, albeit one necessary to draw out the ILC1 

population. Omitting these distinctions simplified the 12 NK cell clusters into five.

These five subsets could then be efficiently separated using CD90 and two other markers 

associated with different stages of NK cell differentiation, KLRG1 and Ly6C (29, 41). Two 

types of naïve KLRG1– Ly6C– NK cells were present, with the most prominent difference 

being high or low expression of CD90. The CD90hi clusters stained strongly for CD27, 

while the trio of CD90lo clusters had middling expression of both CD27 and CD11b 

(Figure 1c). This identified the CD90hi subset as an immature subset and the CD90lo as 

an ‘intermediate’ or ‘transitioning’ subset that had not fully matured into CD11b+ CD27lo/- 

cells (42). KLRG1 is upregulated on antigen-experienced, fully mature CD11bhi CD27lo/- 

NK cells (41), and the two KLRG1+ groups identified were split according to the expression 

or absence of Ly6C. Notably, the KLRG1+ Ly6C+ phenotype is closely associated with 

the long-lived memory NK (mNK) cell population present after MCMV infection (29). 

Combined, these four groups provide a putative sequence of phenotypes depicting NK cell 

differentiation from an immature subset to a memory state: KLRG1– Ly6C– CD90hi → 
KLRG1– Ly6C– CD90lo → KLRG1+ Ly6C– → KLRG1+ Ly6C+.

The fifth NK subset had a phenotype of KLRG1– Ly6C+, which has not been previously 

characterized. Most features of the KLRG1– Ly6C+ subset (e.g. NKp46lo, IFNARlo, CD2lo) 

were shared with at least one other subset, but there was no consistency in which subset 

that was (Supplementary Figure 2). Based on CD11b and CD27 expression, these cells split 

between intermediate and fully mature subsets (Figure 1c). However, principal component 

analysis (PCA) paired them most closely with the fully mature KLRG1+ Ly6C– subset 

(Figure 1d). Thus, KLRG1– Ly6C+ cells represent a third fully mature NK cell subset. It 

remains unclear where the KLRG1– Ly6C+ subset might reside in the NK cell differentiation 

pathway or if it follows an entirely alternative pathway. In summary, clustering analysis 

identified six major group 1 ILC subsets: ILC1s, immature CD90hi KLRG1– Ly6C– NK 

cells, transitionary CD90lo KLRG1– Ly6C– NK cells, antigen-experienced KLRG1+ Ly6C– 

NK cells, a pre-existing population with a memory-like KLRG1+ Ly6C+ phenotype, and a 

novel KLRG1– Ly6C+ subset.

Most Ly49I+NK cells in uninfected mice have differentiated into less responsive states

Approximately 75% of the NK cells with a “memory-associated” KLRG1+ Ly6C+ 

phenotype in uninfected mice were 5E6-positive (hereafter Ly49I+), accounting for just 

over one-third of all Ly49I+ cells (Figure 2a). If these cells represented a pool of pre-existing 

memory-like NK cells were established against unknown antigens, then the dominance of 

unlicensed NK cells during MCMV infection could, in part, be due to the diminished ability 

of memory and memory-like NK cells to respond to cytokines and heterologous stimuli 

(43, 44). Consistent with this possibility, these pre-existing KLRG1+ Ly6C+ cells were 

CD132lo, IFNARlo, and IL18Ralo relative to both immature NK cell subsets (Figure 2b). 
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We, therefore, measured phosphorylation of p38-MAPK and STAT1 (S727) following in 
vitro stimulation of B6 splenocytes with PMA + ionomycin, IL-18, and IFNα. Reduced 

levels of phosphorylation were evident in KLRG1+ Ly6C+ cells relative to the other subsets 

after PMA + ionomycin treatment, as well as after IL-18 and IFNα exposure. Interestingly, 

stimulation with IL-18 resulted in STAT1 phosphorylation (Figure 2c) despite STAT1 not 

being a known downstream effector of the IL-18R signaling pathway (45). STAT3, however, 

is phosphorylated via the MAPK cascade initiated by IL-18 signaling (46), so further 

crosstalk with STAT pathways is not farfetched. Regardless, the reduced responsiveness 

of the KLRG1+ Ly6C+ subset to chemical and cytokine stimulation was consistent with 

characterization of the cells as a pre-existing memory-like NK (pemNK) cell population. 

Thus, the unlicensed NK cell response dominates during infection not just because Ly49I 

inhibits proliferation (17), but also because most Ly49I+ cells have pre-differentiated into 

less responsive antigen-experienced or memory-like states.

Development of pre-existing memory-like NK cells is not dependent upon the commensal 
microbiota

Despite being an inhibitory receptor, Ly49I’s over-representation in the pemNK cells (Figure 

2a) suggested it may be key to the formation of this subset, and lending credence to this 

hypothesis is Ly49I’s reported role in NK cell memory development to haptens (47). Upon 

investigation, Ly49I’s median signal intensity (MSI) of staining resembled that of Ly49H on 

MCMV-specific mNK cells in being significantly elevated on Ly49I+ KLRG1+ Ly6C+ cells 

(Figure 3a). No other receptor was immediately apparent as a driver of differentiation into 

KLRG1+ Ly6C+ cells based on this criterion (Supplementary Figure 3), including NKG2A, 

which has been reported as a licensing molecule (15). We also considered whether the 

Ly49I– KLRG1+ Ly6C+ population may be Ly49C+ but appear to be unlicensed due to 

epitope masking resulting from a strong cis-interaction between Ly49C and the MHC-I 

alleles expressed in B6 mice (31, 48, 49). Upon studies comparing NK cell phenotypes as 

measured with the 5E6 antibody, the Ly49C-specific 4LO3311 antibody (a generous gift 

of Dr. Wayne Yokoyama), and the commercially available Ly49I-specific YL1–90 antibody, 

we found 15–30% of licensed NK cells went undetected by the 5E6 antibody due to 

epitope masking. However, approximately 20% of KLRG1+ Ly6C+ cells remained absent of 

both Ly49C and Ly49I expression when stained with the 4LO3311 and TL1–90 antibodies 

(Figure 3b), closely approximating the contribution of 5E6– cells to the subset as earlier 

determined (Figure 2a). Intriguingly, staining using the 4LO3311 and YL1–90 antibodies 

revealed that only Ly49I exhibited an increased expression density on KLRG1+ Ly6C+ cells 

(Figure 3c). Ly49C, like NKG2A (Supplementary Figure 3), was expressed to a lesser extent 

on pemNK cells than naïve NK cells (Figure 3c).

We briefly sought the potential immunogen for Ly49I+ pemNK cells in naïve mice, 

hypothesizing that the commensal microbiota might be involved due to its effect in 

boosting the frequency of KLRG1+ NK cells (50) and a suggested relationship to “trained” 

innate immune memory (51). However, when we analyzed germ-free mice alongside 

conventionally housed B6 mice, the germ-free mice also possessed these KLRG1+ Ly6C+ 

NK cells (Figure 3d); there was actually a small, but significant, increase in their frequency 

compared to conventionally housed mice. Moreover, Ly49I was found on germ-free pemNK 
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cells at the same frequency as pemNK cells from conventionally housed mice, further 

diminishing the likelihood that interactions with microbial byproducts produce this subset in 

B6 mice and suggesting microbiota does not affect licensing (Figure 3e). The MSI of Ly49I 

was lower on germ-free pemNK, but it was nevertheless still elevated relative to naïve NK 

cells (Figure 3d). Other differences between naïve and these KLRG1+ Ly6C+ cells in CD2, 

IFNAR, IL18Ra, NK1.1, and other markers were all still present in germ-free mice as well 

(Figure 3f). These data were therefore inconsistent with a driving role for the commensal 

microbiota in pemNK development.

NKR expression levels vary between licensed and unlicensed cells at steady-state

While the relative lack of KLRG1– Ly6C– Ly49I+ NK cells provides an additional 

explanation for the preferential expansion of unlicensed cells during MCMV infection, 

we also addressed whether pre-existing differences in phenotype within subsets might 

contribute. For that, we examined the CD90lo KLRG1– Ly6C– and KLRG1+ Ly6C– clusters, 

each of which separated into two groups based on Ly49I status (Figure 1b). Within each of 

these cluster pairs, Ly49A, Ly49D, Ly49G2, and NKR-P1B all appeared more frequently 

on Ly49I– NK cells (Figure 4a) and at higher MSI when present (Figure 4b). There was 

an important exception to this pattern among the Ly49 receptors, Ly49H. There was no 

preferential distribution among Ly49I-positive or -negative cells, but Ly49H was expressed 

at a higher density on Ly49I+ cells. NKp46 and NKG2D were similar to Ly49H in that 

manner, also being expressed more robustly on licensed NK cells. Given the more limited 

expression of NKR-P1B, an inhibitory receptor engaged by the MCMV immunoevasin 

m12 (52), and an increased expression of the activating NKRs Ly49H, NKG2D, and 

NKp46, these data would argue for an increased potential of licensed Ly49I+ NK cells 

to respond during MCMV infection. These data, therefore, suggest pre-existing phenotypic 

differences between licensed and unlicensed cells, when accounting for cellular maturity, do 

not significantly explain the disparate NK cell responses to MCMV.

A subset of Ly49H+ NK cells lose expression of CD16 and NK1.1 during the NK cell 
expansion phase

Following the characterization of licensed and unlicensed cells at steady-state, we 

investigated changes in these cells during MCMV infection. Groups of B6 mice received 

1000 PFU of salivary gland-derived MCMV and splenocytes from 4-, 7-, 14-, and 35-DPI 

were analyzed alongside uninfected controls. Immediately apparent was the significant 

downregulation of two key Group 1 ILC lineage markers: NK1.1 and NKp46 (Figure 5a). 

This necessitated a revision of the Group 1 ILC phenotype to identify responding NK cells 

as CD2+ CD3– CD8– CD19– 2B4+ CEACAM-1lo/- to avoid excluding NK cells in the 

analysis. A resulting total of 72,785 cells (14,557 per time point) were analyzed by viSNE. 

Examination of the plots revealed that a few contaminating myeloid and NKT cells were 

present (Figure 5b), though they combined for no more than 2.5% of the cells at any time 

point. Thus, the alternative gating strategy was highly effective at isolating Group 1 ILCs 

without using the traditional NK cell lineage markers for identification of responding NK 

cells.
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Both the Ly49I+ and Ly49I– NK cells underwent considerable phenotypic change during 

infection before returning to a near pre-infection state, with the key difference being the 

expected increase in mNK cells (Figure 5c,d). The non-standard gating strategy additionally 

revealed the presence of a small group of CD49b+ Ly49H+ NK1.1– CD16– NK cells at 4 

days DPI (Figure 5e). Though more easily seen in the Ly49I– subset, these cells were present 

in both groups. Because NK1.1 and CD16 depend upon FcεRIγ for surface expression, 

and a subset of NK cells in humans is known to downregulate FcεRIγ following HCMV 

infection (53, 54), we examined whether these might be a corresponding population in mice. 

Though we confirmed that 8–10% of CD2+ CD3– CD8– CD19– CEACAM-1– 2B4+ CD49b+ 

Ly49H+ cells were NK1.1– CD16– at 4 DPI (Figure 5f), such lymphocytes nevertheless 

retained expression of FcεRIγ at levels equivalent to NK1.1+ CD16+ cells (Figure 5g). The 

loss of NK1.1 and CD16 expression on these cells was therefore not due to silencing of the 

FcεRIγ signaling adapter, which occurs in human NK cells responding to CMV.

Licensed and unlicensed cells phenotypically converge during MCMV infection

For the detailed comparison of changes to licensed and unlicensed NK cell phenotypes 

during primary MCMV infection, NK cells were divided into four populations on the 

basis of Ly49I and Ly49H expression. While there were observable differences in Ly49H+ 

and Ly49H– cells, overt cellular phenotypes showed minimal differences between licensed 

and unlicensed NK cells (Figure 6a). PCA confirmed that Ly49I+ and Ly49I– populations 

became more similar to one another at all timepoints post-infection compared to pre-

infection, regardless of Ly49H status (Figure 6b,c). However, the extent and duration of 

that similarity did differ between Ly49H+ and Ly49H– cells. Non-antigen specific Ly49I+ 

and Ly49I– responses peaked in similarity at 4 DPI before beginning to diverge again, while 

licensed and unlicensed Ly49H+ NK cells continued to increase in resemblance through 7 

DPI and remained highly similar into the memory phase (Figure 6c). The separation that 

developed between licensed and unlicensed cells in the Ly49H– compartment could be at 

least partially attributed to a disproportionate influx of newly generated naive KLRG1– 

Ly6C– cells between licensed and unlicensed cells, whereas the Ly49H+ subsets maintained 

a similar balance (Figure 6d).

Ultimately, there were very few differences in phenotype between Ly49I+ and Ly49I– cells 

during the response. Some of these carried over from the steady-state, such as the continued 

higher expression of NKp46 and NKG2D on licensed NK cells. The remaining inequalities 

were evident at singular time points, with nearly all occurring at 4 DPI. These differences 

at 4 DPI were in Ly49H, Ly49D, IL18Ra, and CD69 (Figure 7a). Specifically, selection for 

higher avidity Ly49H+ NK cell clones was already evident in licensed NK cells at 4 DPI, 

but not in unlicensed NK cells; unlicensed cells instead had a slight increase in frequency 

of Ly49D– Ly49H+ NK cells. IL18Ra was more significantly downregulated on Ly49I+ 

NK cells, and especially on Ly49I+ Ly49H– NK cells. And both Ly49H+ and Ly49H– 

Ly49I+ cells displayed higher cell surface expression for the early-activation marker CD69 

than their Ly49I– counterparts. These observations of licensed NK cells were true only for 

Ly49I+ NK cells and not Ly49C+ NK cells. Ly49C+ Ly49I– cells tracked more closely in 

differentiation status with unlicensed cells than Ly49I+ cells (Figure 7b,c), and expanded to 

a similar magnitude as unlicensed Ly49H+ NK cells during infection (Figure 7d). Though 
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ostensibly surprising, these results were in actuality consistent with other work that found 

cis interactions between inhibitory Ly49s and MHC-I weakens or ablates the effects of 

that Ly49 on NK cell function (48, 55). Lastly, one additional difference observed between 

Ly49I+ and Ly49I– cells was in CD16 expression at the memory timepoint (35 DPI). A 

small, but significant, percentage of Ly49I– NK cells downregulated expression of CD16, 

while no significant change was seen in the Ly49I+ NK cells (Figure 7e).

The phenotypes of pemNK cells and MCMV-specific mNK cells are highly similar

The unlicensed mNK cell population expanded more than 4-fold from 2.7% of Group 1 

ILCs pre-infection to 11.8% post-infection, while the licensed Ly49I+ mNK population 

only increased by 1.25-fold (Figure 5c). Because the CD16 phenotype at 35 DPI was 

predominant in unlicensed cells (Figure 7e), we examined whether the two findings were 

interrelated. Indeed, the CD16– phenotype revealed itself within the unlicensed KLRG1+ 

Ly6C+ mNK cell population (Figure 8a). The Ly49I– KLRG1– Ly6C+ population also 

appeared to have more CD16– cells, however, the difference was non-significant. The 

licensed CD16+ mNK cells also decreased in frequency compared to uninfected mice, 

implying that the development of a CD16– mNK population is not prevented by licensing. 

However, there was clear favoritism for the unlicensed NK cells. Whether cis- or trans-
interactions between inhibitory Ly49 molecules and MHC-I affect the formation of the small 

CD16– subset remains an outstanding question.

This unequal distribution of CD16– cells in licensed versus unlicensed mNK cells prompted 

further scrutinization of the memory populations for other changes. While we confirmed that 

the CD16 phenotype was the major difference between the Ly49I+ and Ly49I– subsets, other 

significant observations were recorded. Most of the phenotypes identified on pemNK in 

naïve mice (Figure 3f) were also present on all KLRG1+ Ly6C+ cells after MCMV infection, 

occasionally becoming slightly more exaggerated such as in CD49b, CD132, IFNAR, and 

IL18Ra (Figure 8b). The Ly49H– NK cells post-infection fully recapitulated the pemNK 

phenotypes observed in naïve mice. Post-infection Ly49H+ mNK cells, however, no longer 

expressed less CD96 and NK1.1 compared to naïve cells, and also developed three new 

memory cell-associated phenotypes. These were an increased MSI of Ly49H, a loss of 

DNAM-1, and a decrease in NKR-P1B frequency, all of which are consistent with previous 

characterizations of MCMV-specific NK cell memory (29, 52, 56).

Licensed and unlicensed responses to MCMV converge regardless of specific recognition 
of MCMV-infected cells

In mice lacking the Ly49H receptor, the absence of an antigen-specific NK cell response 

during primary MCMV infection is known to affect inflammatory cytokine production 

and splenic dendritic cell abundances (57), both of which can critically impact NK cell 

maturation and function (58–60). Moreover, that the Ly49H+ Ly49I+ mNK cells resembled 

the Ly49H+ Ly49I– population, more so than the Ly49H– Ly49I+ subset (Figure 8b), 

suggested that signaling through Ly49H might obscure any differences in licensed and 

unlicensed NK cells responses to a viral infection. We, therefore, investigated responses 

in mice lacking the Ly49H receptor. Klra8−/− (Ly49H-deficient) B6 mice were infected 

alongside wild-type B6 mice and analyzed with an updated mass cytometry panel (Panel 
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2). Because mice lacking Ly49H are more susceptible to MCMV, the Ly49H-deficient B6 

mice received 1/1000th the dose given to wild-type B6. This yielded a similar, though still 

approximately 2-fold higher viral load, in Ly49H-deficient mice at 7 DPI (Supplementary 

Figure 4) and prevented excessive splenic tissue destruction. Observations of responses 

in wild-type B6 mice made previously were confirmed with the updated panel, including 

superior resolution of the NK1.1lo/– CD16– population at 4 DPI (Figure 9a,b, metaclusters 

B and C). The new panel also included the checkpoint receptors TIGIT and LAG-3, which, 

like PD-1 (Figure 6a), were not found on any mNK populations (metaclusters M and N).

Although the Ly49H-deficient mice exhibited a clearly distinct response from wild-type 

mice (Figure 9a,b), licensed and unlicensed cells within the non-antigen specific NK 

cell response still converged just as in wild-type mice (Figure 9c). The pattern of their 

relationship closely mirrored that of Ly49H– NK cells in wild-type mice, with the notable 

exception of Ly49I+ and Ly49I– cells in Ly49H-deficient mice becoming more dissimilar at 

28 DPI than they were in uninfected mice. We attribute this to the much higher frequency of 

KLRG1– Ly6C– NK cells in Ly49H-deficient mice, and a corresponding reduced frequency 

of Ly49I+ and KLRG1+ Ly6C+ cells (Figure 9d). This distribution weighted towards 

undifferentiated NK cells likely reflected a more limited history of pathogen exposure, 

similar to how NK cell diversity in humans varies according to their histories of viral 

infections (61).

Consistent with the NK cells from wild-type mice, only select few differences between 

licensed and unlicensed cells were observed in Ly49H-deficient mice. Altered phenotypes in 

IL18Ra, CD69, and Ly49D at 4 DPI appeared in the Ly49H-deficient mice just as they did 

in wild-type mice, though Ly49I+ cells from Ly49H-deficient mice now also saw an uptick 

in the frequency of Ly49D+ NK cells in addition to the downregulation in the frequency of 

Ly49D+ NK cells within the Ly49I– subset (Figure 9e). In contrast to the wild-type cells 

though, a CD16– memory population did not appear in Ly49H-deficient mice (Figure 9f). 

Considering the CD16– cells were concentrated in the unlicensed mNK Ly49H+ population 

in wild-type mice and that population did not significantly expand in Ly49H-deficient mice 

(Figure 9a, metacluster N), this was not altogether surprising. In summary, regardless of 

whether an antigen-specific NK cell response to MCMV was generated, the licensed and 

unlicensed NK cell responses converged upon a singular phenotype. The dominance of the 

unlicensed response, therefore, does not appear to be the result of any functional deficiencies 

we could observe by phenotyping, but rather because of the combined effects of inhibitory 

signaling on proliferation and a smaller pool of KLRG1– Ly6C– Ly49I+ NK cells at the time 

of infection.

Discussion

In B6 mice, the NK cell compartment can be separated into licensed cells, which are 

Ly49C+ and/or Ly49I+, and unlicensed cells, which lack both of those receptors (14, 26). 

Under non-inflammatory conditions licensed cells show superior functional activity in vitro, 

especially when presented with MHC class I-deficient target cells (15, 62, 63). Following 

exposure to inflammatory cytokines, however, unlicensed cells become equally functional 

to and, in at least some cases, better effectors than their licensed equivalents (14, 15, 17). 

Potempa et al. Page 13

J Immunol. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



One such example is in MCMV infection of B6 mice (17). SHP-1 recruitment following 

inhibitory Ly49 ligand recognition limits proliferation via Vav1 dephosphorylation (18), 

and consequently the ability of licensed NK cells to provide an optimal immune response 

to the virus (17). Given Vav1 has a much more extensive role in NK cell activation than 

just fostering proliferation (23–25), we developed and implemented a mass cytometry panel 

to further investigate whether licensed and unlicensed NK cell responses to MCMV were 

qualitatively different beyond their proliferation efficiencies.

At steady-state, splenic NK cells separated into five major subsets according to their 

expression of the differentiation markers KLRG1 and Ly6C, with the additional separation 

of KLRG1– Ly6C– cells into CD90hi and CD90lo/- subsets. Despite approximately half 

of all cells expressing Ly49C and/or Ly49I, the licensed and unlicensed cells were not 

evenly distributed among the five KLRG1/Ly6C/CD90 subsets. Unlicensed cells were 

much more frequently KLRG1– than KLRG1+, while licensed cells were the opposite. 

Antigen-experienced KLRG1+ NK cells are known to be less proliferative than naïve cells, 

regardless of licensing status (41, 50). Moreover, a significant proportion of Ly49I+ cells in 

naïve mice had the KLRG1+ Ly6C+ phenotype closely resembling MCMV-specific mNK 

cells, and mNK cells are refractory to heterologous stimuli (43, 44). These pre-existing 

KLRG1+ Ly6C+ NK cells in naïve mice closely resembled bona-fide MCMV-specific mNK 

cells in phenotype, having downregulated cytokine (e.g. CD132, IFNAR, IL18Ra) and 

co-stimulatory (e.g. CD2, CD11a) receptors, and similarly showed less responsiveness to 

cytokine stimulation in vitro. We, therefore, conclude that unlicensed NK cells dominate 

the response not only because their ability to proliferate is unrestricted by an inhibitory 

Ly49, but also because many licensed NK cells in naïve mice are already differentiated 

into KLRG1+ Ly6C– and KLRG1+ Ly6C+ NK cells that have an inherent reduced ability to 

proliferate and respond to unrelated immunological stimuli.

The dissimilarities between Ly49I+ and Ly49I– NK cell phenotypes, after accounting for 

differentiation status, further argued against licensed cells being at a disadvantage beyond 

the restrictions inhibitory Ly49 signaling places on proliferation. KLRG1– Ly6C– Ly49I+ 

NK cells in naïve mice actually had a phenotype predictive of a more potent response. 

They expressed more of the activating receptors Ly49H, NKG2D, and NKp46, and less of 

the inhibitory NKR-P1B than their Ly49I– equivalents. Moreover, Ly49I+ cells had a more 

activated phenotype at 4 DPI; selection for Ly49Hhi NK cell clones was already occurring, 

surface density of CD69 was higher, and IL18Ra downregulation was more substantial. 

A model of hematopoietic stem cell transplantation and MCMV infection similarly found 

the kinetics of the licensed NK cell response outpaces that of the unlicensed response 

(64). Interestingly, in the absence of Ly49H, licensed cells exhibited an increase in Ly49D 

expression, another activating NKR that nonetheless lacks a ligand in this model. Combined 

with the observed higher expression of Ly49H on licensed cells in naive mice, these data 

suggest licensed NK cells might upregulate the signaling adaptor DAP12, the primary 

partner for Ly49H and Ly49D surface expression (65), or alternatively select for NK cell 

clones already expressing higher amounts of Ly49H. The functional potency of licensed NK 

cells is proportional to the amount of inhibitory receptor expressed (62, 63), so selection 

for cells with higher DAP12 expression instead of lower Ly49I expression would ostensibly 

yield NK cells better capable of cytokine production and target cell killing. Unlicensed 
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cells, on the other hand, need only select for clones in which there is less Ly49D, since 

there is no check on DAP12 signaling from inhibitory Ly49, but because Ly49D may 

act as a competitive inhibitor of Ly49H for DAP12. Regardless, the overall similarities 

in phenotype suggested that there was no apparent difference in licensed and unlicensed 

NK cell responses beyond the previously observed effect on proliferation magnitude (17). 

Moreover, we show here that observation is applicable only to licensing receptors that do 

not interact with their ligands in cis, a result consistent with other studies that have found 

cis-interactions stymie the inhibitory effect of Ly49A (55) and Ly49C (48). We also note that 

the minimal differences in licensed and unlicensed NK cell responses occurred in a model 

in which activating and inhibitory NKRs were not competing with one another for a ligand. 

The impact of licensing NKRs in such a scenario may be even less pronounced. This could 

be investigated in MA/My mice, in which the activating receptor Ly49P confers resistance 

to MCMV via an interaction with H2-Kd (66), an MHC-I allele recognized by the inhibitory 

Ly49G and Ly49O receptors present in MA/My mice (67).

Ly49I also failed to impact the generation of MCMV-specific mNK cells. Ly49H+ Ly49I+ 

and Ly49H+ Ly49I– mNK were indistinguishable except for a small pool of CD16– 

cells occurring preferentially in the unlicensed group. The Ly49H– memory-like NK cells 

after infection recovered the same phenotype present on pemNK cells, and these Ly49H– 

memory-like populations had significant differences in only CD96, NK1.1, and DNAM-1 

expression when compared to the MCMV-specific mNK cells. That the Ly49I+ Ly49H+ cells 

took on the phenotype of the unlicensed Ly49H+ NK cells rather than the licensed Ly49H– 

NK cells further argued that the influence of Ly49H on NK cell memory differentiation 

superseded any effect signaling via inhibitory Ly49s might have caused on the memory 

response.

Regarding the CD16– population in the mNK cell subset at 35 DPI, it was curiously the 

second CD16– population to develop during the infection. The first appeared at 4 DPI, 

although the likelihood this first population and the one found post-infection are related is 

low. Not only did the population at 4 DPI disappear before the peak of the NK cell response, 

but there were other observations to distinguish them. Specifically, the 4 DPI population was 

NK1.1lo/-, while the mNK cells retained full NK1.1 expression. Additionally, the subset at 4 

DPI appeared in both wild-type and Ly49H-deficient mice, but the CD16– memory-like NK 

cell population did not develop in Ly49H-deficient mice. And lastly, the CD16– population 

at 4 DPI was near evenly split between Ly49I+ and Ly49I–, while the mNK population was 

decisively more abundant in the unlicensed population. Considering stimulation of NK cells 

from B6 mice via CD16 is weak (68), it is unclear why such a population would develop or 

what advantages it might offer in the event of MCMV reactivation or reinfection.

In conclusion, based on the in-depth analysis of NK cells throughout the expansion, 

contraction, and memory phases of the response to MCMV, licensed NK cells are 

disadvantaged compared to unlicensed NK cells in B6 mice by two properties: a restriction 

on proliferation due to inhibitory Ly49 signaling resulting from ligand recognition in trans, 

and a smaller pool of readily responsive KLRG1– Ly6C– NK cells. Future investigations 

should examine whether these differences extend to other viral infections and/or oncogenic 
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events, as well as the extent to which pathogen exposure history impacts the NK cell 

response to novel immune challenges.
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Abbreviations

B6 C57BL/6

DPI Days Post-Infection

ILC Innate Lymphoid Cell

MCMV Mouse Cytomegalovirus

mNK memory Natural Killer

MSI Mean Signal Intensity

NK Natural Killer

NKR Natural Killer cell Receptor

PCA Principal Component Analysis

pemNK pre-existing memory-like Natural Killer

PFU Plaque Forming Units
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Key Points

• Naïve C57BL/6 mice have a pre-existing memory-like NK cell population

• The pre-existing memory-like population comprises predominantly licensed 

NK cells

• Ly49I has limited direct effect on NK cell responses to MCMV beyond 

proliferation
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Figure 1. 
Steady-state composition of splenic group 1 ILC compartment. (a) viSNE map and 

associated density plot of splenic group 1 ILCs from uninfected B6 mice (n = 4), colored 

by metacluster. (b) Heatmap displaying the phenotype of each of the 13 metaclusters. 

Metacluster values represent the weighted average of cluster medians normalized as 

percentage of global maximum. (c) Maturation status of the group 1 ILC metaclusters 

according to CD11b and CD27 expression. (d) PCA of metaclusters present in healthy 

wild-type B6 mice. Data presented is from a single experiment but is consistent with data 

generated in four total experiments.
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Figure 2. 
Most licensed NK cells in uninfected mice have differentiated into less responsive NK cell 

subsets. (a) Distribution of Ly49I+ and Ly49I– NK cells among the five NK cell subsets as a 

percentage of the total NK cell population. Data collected from four mice in a single CyTOF 

run but is consistent with data acquired in three additional experiments. (b) Expression 

of cytokine receptors on immature KLRG1– Ly6C– and fully mature KLRG1+ Ly6C+ NK 

cells. Intensity reported relative to KLRG1– Ly6C– CD90hi population. (c) Phosphorylation 

of p38 and STAT1 in NK cell subsets after treatment with PMA + ionomycin, IL-18, or 

IFNα. Signal intensity measured by flow cytometry. Data acquired in triplicate. * p <0.05, 
*** p <0.001, **** p<0.0001, by repeated measures two-way ANOVA for (b) and ordinary 

two-way ANOVA for (c).
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Figure 3. 
Pre-existing memory-like NK cells develop in conventionally-housed and germ-free mice 

(a) Relative mean signal intensity of Ly49I on NK cell subsets as determined by the 5E6 

antibody. Data is representative of a single experiment (n = 4), but consistent with analysis 

of five additional experiments using both CyTOF and flow cytometry. (b) Frequency of 

Ly49C and Ly49I on KLRG1+ Ly6C+ NK cells alone or in tandem using Ly49C-specific 

(clone 4LO331) and Ly49I-specific (YL1–90) antibodies. (c) Relative mean signal intensity 

of Ly49C and Ly49I on KLRG1+ Ly6C+ NK cells determined with the 4LO331 and 

YL1–90 antibodies. n =4 mice, experiment repeated in duplicate. (d) Relative mean signal 
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intensity of Ly49I on splenic NK cells from conventionally housed (n = 6) and germ-free 

mice (n = 7). Data presented from a single CyTOF run. (e) Distribution of NK cells among 

the five NK cell subsets (left) and frequency of Ly49I+ NK cells within each of those 

subsets (right). (f) Phenotypic differences between naïve KLRG1– Ly6C– NK cells and 

pemNK cells, shown as expression intensity relative to KLRG1– Ly6C– CD90hi cells from 

conventionally-housed mice. ** p <0.01, *** p <0.001, **** p <0.0001
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Figure 4. 
Licensed and unlicensed NK cells of similar differentiation status have different NKR 

expression patterns. Expression frequency (top) and mean signal intensity (below) of NKRs 

on Ly49I+ and Ly49I– cells. Intensity measurements reported relative to the MSI of Ly49I+ 

KLRG1– Ly6C– CD90lo cells. Data presented from a single experiment but is representative 

of three additional CyTOF runs. * p<0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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Figure 5. 
An alternative gating strategy for group 1 ILCs reveals an NK1.1– CD16– NK cell 

population at 4 DPI. (a) NK1.1 and NKp46 expression intensities relative to uninfected 

mice. Data shown from a single experiment but representative of four total. **** p <0.001 

(b) Example plot demonstrating the fidelity of a gating strategy for group 1 ILCs that 

does not make use of NK1.1 or NKp46. Plots are colored according to NKp46 (left), CD3 

(middle), and CD49b (right). (c) Density plots showing the dynamic changes in group 

1 ILCs during MCMV infection. Gated areas demarcate KLRG1+ Ly6C+ memory and 

memory-like populations. (d) Ly49H, Ly49I, KLRG1, and Ly6C expression on group 1 ILCs 

during MCMV infection. Percentages in the Ly49H plots correspond to the Ly49H– Ly49I– 

(top left), Ly49H– Ly49I+ (bottom left), Ly49H+ Ly49I– (top right), and Ly49H+ Ly49I+ 

population frequencies at the respective time points. (e) Evidence of a CD49b+ Ly49H+ 

NK1.1– CD16– NK cell population (arrow) at 4 DPI. (f) Identification of NK1.1– CD16– 

by flow cytometry and subsequent confirmation of FcεRIγ expression. FMO = fluorescence 
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minus one control, DP = NK1.1+ CD16+ subset, DN = NK1.1– CD16– subset. Data shown 

from a representative animal from a pool of four mice.
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Figure 6. 
Licensed and unlicensed cells increase in similarity during MCMV infection. (a) Heatmap 

of NK cell phenotypes for the four Ly49I/Ly49H populations at each time point. Individual 

events were normalized as percentage of global maximum, using the median of the top 100 

events as the maximum value to account for outliers. (b) PCA of the Ly49I and Ly49H 

populations. (c) Euclidean similarity between the Ly49I+ and Ly49I– populations within the 

Ly49H+ (left) and Ly49H– (right) subsets. Distance measurements were made between all 

possible pairings for each time point. (d) Distribution of NK cell subsets within each of the 

four Ly49I and Ly49H compartments during MCMV infection.
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Figure 7. 
The limited variability in licensed and unlicensed NK cell responses were driven by Ly49I 

and not Ly49C. (a) Significantly different phenotypes between licensed and unlicensed 

NK cells at 4 DPI as separated by the 5E6 antibody. Presented experiment is one of four 

repetitions. (b) Frequency of the NK cell subsets in Ly49H+ (top) and Ly49H– (bottom) 

NK cells separated according to the expression or absence of Ly49C and Ly49I (n = 5 

mice). (c) Change to Ly49H MSI on NK cells expressing one, both, or neither of the B6 

licensing receptors during MCMV infection. (d) Magnitude of Ly49H+ NK cell expansion 

when co-expressing one, both, or neither of Ly49C and Ly49I. Measured as frequency of the 

total NK cell population at the indicated time point/frequency of total NK cell population 

in naïve uninfected mice. (e) Significantly different phenotypes between Ly49I+ and Ly49I– 

NK cells at 35 DPI. * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001
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Figure 8. 
Differences in memory and memory-like populations post-infection. (a) Frequency of 

CD16+ expression among licensed and unlicensed NK cell subsets in uninfected and 35 DPI 

mice. (b) Log2-fold difference between memory/memory-like (KLRG1+ Ly6C+) NK cells 

and immature (CD90hi KLRG1– Ly6C–) NK cells for each of the four Ly49I and Ly49H 

subsets. Paired data points link corresponding populations in uninfected and 35 DPI mice. 

The dotted line at zero on the y-axis denotes no difference in expression between KLRG1+ 

Ly6C+ and CD90hi KLRG1– Ly6C– populations. Data shown is the average of four mice at 

each timepoint. * p <0.05, ** p <0.01 **** p<0.0001, n.s. = non-significant
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Figure 9. 
Licensed and unlicensed responses resemble one another in the absence of a MCMV-specific 

NK cell response. (a) Clustering analysis of wild-type and Ly49H-deficient group 1 ILCs. 

Top left shows the overlay of cells from all time points and is colored according to 

metacluster; the bottom left is a guide for identification of each metacluster. The remaining 

plots are density plots corresponding to the indicated genotype and time point. (b) Heatmap 

depicting the phenotype of each metaclusters. Values represent the weighted average of 

constituent cluster medians normalized as percent of global maximum. (c) Euclidean 

similarity between the Ly49I+ and Ly49I– populations of Ly49H+ NK cells (left), Ly49H– 

NK cells from wild-type mice (middle), and NK cells from Ly49H-deficient mice (right). 

Distance measurements were made between all possible pairings for each time point. (d) 

Frequency of Ly49I+ cells among the Ly49H+, Ly49H–, and Ly49H-deficient NK cells (left) 

and the breakdown of Ly49I expression in the memory-like KLRG1+ Ly6C+ NK cells as 

a fraction of the total NK cell compartment in wild-type and Ly49H-deficient mice. (e) 

Phenotypic differences between licensed and unlicensed cells at 4 DPI in Ly49H-deficient 
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mice. (f) Frequency of CD16+ NK cells in the total licensed and unlicensed NK cell 

populations pre- and post-infection. All timepoints represent data from four mice for each 

genotype, except for the uninfected Ly49H-deficient samples which had three total mice. 

Data shown from a single CyTOF run but is consistent with data acquired in a second 

experiment. * p <0.05, ** p <0.01 *** p <0.001 **** p <0.0001
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