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SUMMARY
Infection of mice by mouse cytomegalovirus (MCMV) triggers activation and expansion of Ly49H+ natural
killer (NK) cells, which are virus specific and considered to be ‘‘adaptive’’ or ‘‘memory’’ NK cells. Here, we
find that signaling lymphocytic activation molecule family receptors (SFRs), a group of hematopoietic cell-
restricted receptors, are essential for the expansion of Ly49H+ NK cells after MCMV infection. This activity
is largely mediated by CD48, an SFR broadly expressed on NK cells and displaying augmented expression
after MCMV infection. It is also dependent on the CD48 counter-receptor, 2B4, expressed on host macro-
phages. The 2B4-CD48 axis promotes expansion of Ly49H+ NK cells by repressing their phagocytosis by vi-
rus-activated macrophages through inhibition of the pro-phagocytic integrin lymphocyte function-associ-
ated antigen-1 (LFA-1) on macrophages. These data identify key roles of macrophages and the 2B4-CD48
pathway in controlling the expansion of adaptive NK cells following MCMV infection. Stimulation of the
2B4-CD48 axis may be helpful in enhancing adaptive NK cell responses for therapeutic purposes.
INTRODUCTION

Activation of natural killer (NK) cells is controlled by a wide array

of monomorphic receptors, which are triggered by ligands that

may or may not be expressed on potential ‘‘target’’ cells,

including virus-infected cells and cancer cells.1–3 When acti-

vating receptors are triggered predominantly over inhibitory re-

ceptors, NK cells are activated and display effector functions.1–3

Effector functions include cytotoxicity toward target cells, a pro-

cess mediated primarily by the release of granzyme-B-contain-

ing granules, and production of pro-inflammatory cytokines

such as interferon (IFN)-g. Because of their ability to kill cancer

cells, there is increasing interest in using NK cells for anti-cancer

immunotherapy, in particular against hematological malig-

nancies, which are highly sensitive to NK cell killing.1,4,5

Unlike T cells and B cells, NK cells were long considered to be

devoid of memory potential. However, recent studies have pro-

vided clear evidence that ‘‘adaptive’’ or ‘‘memory’’ NK cells

(hereafter named adaptive NK cells) exist.4,6–11 So far, the exis-
This is an open access article und
tence of these cells has been confirmed in two major settings:

after infection by viruses such as mouse cytomegalovirus

(MCMV) and human cytomegalovirus (HCMV) and after stimula-

tion with cytokines like IL-12 and IL-18. It is believed that virus-

induced adaptive NK cells are truly antigen specific. However,

cytokine-activated NK cells do not seem to be antigen specific

and are often referred to as ‘‘cytokine-induced memory-like’’

(CIML) NK cells.

The notion that virus-specific adaptive NK cells exist was most

elegantly demonstrated after MCMV infection in mice.8,9,11 When

transferred into uninfected mice, NK cells isolated frommice pre-

viously infected with MCMV conferred stronger and specific pro-

tection against repeatedMCMV infection compared with NK cells

derived from non-infected mice. Virus-specific NK cells robustly

expand after MCMV infection as a result of triggering of the NK

cell-activating receptor Ly49H, which recognizes the MCMV-en-

coded protein m157 on a wide range of infected cells. Receptors

responsible for the generation of adaptive NK cells in response to

other viruses have not been identified.
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Using theMCMVmodel, three phases in the expansion of adap-

tive NK cells have been identified: activation, proliferation, and

suppression.9,12 These processes all take place within 7 days of

infection. Until now, a limited number of signaling molecules

have been found to play critical roles at each of these steps. The

receptors Ly49H and DNAM-1, as well as the adaptor DAP12,

are key for the initial activation and proliferation of Ly49H+ NK

cells.11,13 This response occurs within 4 days post-infection.

Then, the cytokines IL-12 and IL-18, in addition to their receptors

andSTATeffectors,amplifyNKcellproliferation togeneratea large

pool of activated virus-specific NK cells.14–16 This response is

limited by elimination of the majority of activated Ly49H+ NK cells.

Although poorly understood, this suppression phase is likely com-

plexand is prevented by type I IFN signaling,whichprevents killing

of activated Ly49H+ NK cells by other NK cells.17,18

SLAM family receptors (SFRs) are agroupof six canonical trans-

membrane receptors named SLAMF1, 2B4 (SLAMF4), SLAMF6,

SLAMF7, SLAMF5 (CD84), and Ly-9 (SLAMF3).19–22 These recep-

tors are expressed only onhematopoietic cells.MostSFRsare ho-

motypic receptors (i.e., self-ligands), with the exception of 2B4,

which recognizes as ligand CD48 (SLAMF2), a non-canonical

SFR also expressed on hematopoietic cells. Unlike canonical

SFRs, CD48 is glycosylphosphatidylinositol (GPI) linked and is

devoid of a cytoplasmic domain. All six canonical SFR-encoding

genes, in addition to the gene coding for CD48, are located on

the same locus on chromosome 1 in humans andmice. Canonical

SFRs trigger either inhibitory or activating intracellular signals,

which control several key immune cell functions. However, CD48

is generally viewed as a ligand that triggers the activity of 2B4.19–21

SFRs play key roles in NK cells.19,21,22 2B4 is an inhibitory re-

ceptor, at least in mice, that suppresses NK cell activation in

response to target cells expressing its ligand, CD48. An opposite

function was described in human NK cells. In both mouse and

human NK cells, SLAMF7 is an activating receptor that promotes

NK cell activation in response to target cells bearing its ligand,

SLAMF7. Last, SLAMF6 and 2B4 have been implicated in NK

cell education, possibly as a result of their ability to trigger inhib-

itory signals in developing NK cells.23,24

Herein, we examined the role of SFRs in the generation of adap-

tive NK cells, using the MCMV model. In adoptive transfer exper-

iments using Ly49H+ NK cells lacking one or more SFRs, we

observed that Ly49H+ NK cells devoid of CD48 showed a marked

defect in expansion after MCMV infection compared with wild-

type Ly49H+ NK cells. The impact of CD48 deficiency in NK cells

was mimicked when host macrophages lacked the counter-re-

ceptor of CD48, that is, 2B4. The 2B4-CD48 axis acted by sup-

pressing phagocytosis of NK cells by activated macrophages

through inhibition of the pro-phagocytic integrin LFA-1 expressed

on macrophages. These data demonstrate a key role of macro-

phages, as well as of the 2B4-CD48 axis, in controlling the expan-

sion of adaptive NK cells after MCMV infection.

RESULTS

SFRs are required for expansion of Ly49H+ NK cells after
MCMV infection
To test the involvement of SFRs in the generation of adaptive NK

cells, we used theMCMVmodel.11,25 Thus, ‘‘recipient’’ mice lack-
2 Cell Reports 43, 113800, March 26, 2024
ing Ly49H (Ly49H knockout [KO] mice) were adoptively adminis-

tered equal numbers of ‘‘donor’’ NK cells from mice expressing

or not expressing canonical SFRs plus CD48 (the ‘‘SFR KO’’

mouse) (Figure 1A). The SFRKOmousewas previously generated

by deletion of the entire Slam locus on mouse chromosome 1 in

the C57BL/6 (B6) background.26 It displayed no alteration in NK

cell numbers, development, or maturation.26 As was the case

for wild-type mice, �60% of splenic NK cells from SFR KO mice

were Ly49H+ (Figure 1B).

One day after adoptive transfer of NK cells, mice were infected

with MCMV and, at various times after infection, the proportions

and numbers of wild-type and SFR KO Ly49H+ NK cells in blood

and spleen were determined. Of note, long-lived adaptive NK

cells are considered to be formed by day 35 post-infec-

tion.17,27,28 As expected, wild-type Ly49H+ NK cells (identified

as NK1.1+, TCRb�, Ly49H+, CD48+) showed robust expansion

in blood at day 7 after MCMV infection (Figures 1C and S1A).

In comparison, SFR KO Ly49H+ NK cells (NK1.1+, TCRb�,
Ly49H+, CD48�), which were identified by a lack of CD48 nor-

mally expressed on all NK cells,26 displayed severely impaired

accumulation, both in proportions and in numbers (reduced by

�90%–95%). This difference persisted over the long term (up

to day 35 or 56) and was also noted in spleen (Figures 1C

and 1D).

Hence, loss of all canonical SFRs, in addition to CD48, re-

sulted in a rapid and pronounced defect in expansion of adaptive

Ly49H+ NK cells in response to MCMV infection.

CD48 is predominantly involved in MCMV-induced
expansion of Ly49H+ NK cells
To identify the SFR(s) responsible for this defect, mice specif-

ically lacking the SFRs expressed in NK cells, that is, 2B4 (2B4

KO), its ligand CD48 (CD48 KO), SLAMF7 (SLAMF7 KO),

SLAMF1 (SLAMF1 KO), or SLAMF6 (SLAMF6 KO), were tested

(Figures 2A–2E). Unless indicated, SJL.B6 NK cells, which ex-

pressed CD45.1, were used aswild-type NK cells in these exper-

iments to enable their distinction from themutant NK cells, which

expressed CD45.2.

Unlike SFR KO Ly49H+ NK cells, 2B4 KO Ly49H+ NK cells

(identified as NK1.1+, TCRb�, Ly49H+, CD45.1�) displayed

increased (by �10%–20%), rather than diminished, expansion

following MCMV infection compared with wild-type Ly49H+

NK cells (NK1.1+, TCRb�, Ly49H+, CD45.1+) (Figure 2A).

SLAMF1 KO and SLAMF6 KO Ly49H+ NK cells displayed

minimal differences compared with WT Ly49H+ NK cells

(Figures 2D and 2E). In contrast, like SFR KO Ly49H+ NK cells,

CD48 KO Ly49H+ NK cells (NK1.1+, TCRb�, Ly49H+, CD48�)
exhibited a marked reduction (by �80%–90%) in expansion

compared with wild-type Ly49H+ NK cells (NK1.1+, TCRb�,
Ly49H+, CD48+) (Figures 2B and S1D). This deficit was

maximal at day 7, persisted over the long term, and was

seen in blood, spleen, liver, lung, lymph node, and bone

marrow (Figure S1B and S1C). Importantly, no defect in pro-

portions or numbers of CD48 KO Ly49H+ NK cells was noted

in the absence of MCMV infection, implying that the expan-

sion defect was revealed by MCMV infection (Figure S1E).

Also, like SFR KO mice, CD48 KO mice showed no abnormal-

ities in NK cell development or maturation, as indicated by



Figure 1. Involvement of SFRs in the expansion of Ly49H+ NK cells following MCMV infection

(A) Schematic diagram of adoptive transfer experiment. On day�1 (1 day before infection), equal numbers of Ly49H+ NK cells fromwild-type (WT) mice andmice

lacking all SLAM family receptors (SFRs) plus CD48 (SFR knockout [KO] mice) were mixed and injected intravenously into Ly49H KO recipient mice. On day 0,

7.53 102 pfu of MCMVwas injected intraperitoneally into recipients. The proportions and numbers of WT and SFR KO Ly49H+ NK cells were analyzed in blood or

spleen at the indicated time points. Long-term results were assessed at either day 35 or day 56.

(B) From left to right: first two graphs, representative flow cytometry analyses of Ly49H expression on freshly isolated WT or SFR KO splenic NK cells in donor

mice on day �1; third graph, statistical analysis of multiple independent mice (n = 3).

(C) From left to right: first graph, representative flow cytometry analysis of the proportions of WT (CD48+) and SFR KO (CD48�) Ly49H+ NK cells in the blood of

recipient mice at day 7. Second graph, statistics of the proportions at various time points (n = 8). Third graph, numbers of WT and SFR KO Ly49H+ NK cells per

million lymphocytes at day 7 (n = 8). Fourth graph, the proportions at day 35 (n = 5). Fifth graph, numbers of WT and SFR KO Ly49H+ NK cells per million

lymphocytes in blood at day 35 (n = 5).

(D) Same as (C), except that NK cell proportions and numbers were assessed in the spleen after mice were euthanized at day 35 (n = 5). Statistical analyses were

conducted using unpaired t tests (two-tailed), except in graphs displaying data with multiple time points, for which multiple t tests were employed. Each symbol

represents an individual mouse; error bars depict the mean with SD. *p% 0.05, **p% 0.01, ***p% 0.001; ns, not significant. Data are representative of three (B),

three (C, first to third graphs), two (C, fourth and fifth graphs), and two (D) independent experiments; two or three recipient mice were injected with purified NK

cells in each independent experiment. See also Figure S1.
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analyses of various NK cell markers, including maturation

markers CD27 and CD11b (Figures S2A and S2B).

Albeit to a much lesser extent than CD48 KO Ly49H+ NK cells,

SLAMF7 KO Ly49H+ NK cells also displayed a defect in expan-

sion (numbers reduced by �40%) compared with wild-type

Ly49H+ NK cells (Figures 2C and S3A). The much less pro-

nounced defect of SLAMF7 KO Ly49H+ NK cells, compared

with CD48 KO Ly49H+ NK cells, was confirmed when both cell
types were co-injected in the same adoptive transfer experiment

(Figure S2C).

As 2B4 KO Ly49H+ NK cells did not show the same expansion

defect as CD48 KO Ly49H+ NK cells, we ascertained if CD48was

mediating its effect by triggering CD2, an alternative counter-re-

ceptor for CD48 also expressed on NK cells.29 Although a small

decrease (by �20%) in expansion of CD2 KO Ly49H+ NK cells

(identified as NK1.1+, TCRb�, Ly49H+, CD2�) was seen upon
Cell Reports 43, 113800, March 26, 2024 3
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MCMV infection, compared with wild-type Ly49H+ NK cells

(NK1.1+, TCRb�, Ly49H+, CD2+), this defect was much milder

than that of CD48 KO Ly49H+ NK cells (Figure S3B).

Last, we analyzed the impact of MCMV infection on the

expression levels of CD48, as well as other SFRs, on NK cells us-

ing flow cytometry. Cell-surface expression of CD48 was

augmented on Ly49H+ NK cells at day 4 and day 7 post-infection

compared with non-infected mice (Figures S3C–S3F). Expres-

sion of SLAMF7 and 2B4 was also augmented at both time

points, whereas an increase in expression of SLAMF6 and Ly-9

was noted at day 4, but not at day 7.

Thus, CD48 largely mediated the role of SFRs in the expansion

of adaptive Ly49H+NKcells duringMCMV infection. This function

was not observed in the absence of MCMV infection and did

not require expression of the CD48 counter-receptors 2B4 and

CD2 on Ly49H+ NK cells. A smaller role was played by SLAMF7.

CD48 has little or no impact on NK cell activation and
proliferation after MCMV infection
To examine if the lack of CD48 compromised the initial activation

or proliferation of Ly49H+ NK cells, activation markers CD69 and

KLRG1, as well as proliferation marker Ki67,25,30,31 were

measured. At day 4 and day 7 post-infection, there was little or

no difference in upregulated expression of CD69, KLRG1, and

Ki67 between wild-type and CD48 KO Ly49H+ NK cells

(Figures 3A–3C, S4A, and S4B). A small decrease in the expres-

sion of KLRG1 and Ki67 was noted, but it likely reflected the

changes in NK cell subsets seen in response to infection, as

will be described below (Figures 3D and S4C).

In addition to activation and proliferation of Ly49H+ NK cells,

MCMV infection results in differentiation of Ly49H+ NK cells to-

ward more mature subsets, that is, CD27+CD11b+ (stage [S] 3)

and CD27�CD11b+ (S4) NK cells.32 Using flow cytometry, we

observed that the numbers of S3 and S4 CD48 KO Ly49H+ NK

cells after MCMV infection were markedly reduced compared

with wild-type Ly49H+ cells (Figures 3D and S4C). In contrast,

no reduction in the numbers of S1 and S2 Ly49H+ NK cells

was seen. As a consequence of these changes, the proportions

of S1 and S2 cells in CD48 KO Ly49H+ NK cells were augmented.

The reduction in S3 and S4 NK cells was seen as early as day 4,
Figure 2. Contribution of CD48 to the expansion of Ly49H+ NK cells fo

(A) On day�1 (1 day before infection), equal numbers of Ly49H+ NK cells fromWT

day 0, 7.53 102 pfu ofMCMVwas injected intraperitoneally into recipients. The pro

recipient mice were analyzed at the indicated time points. From left to right: first gr

and 2B4 KO (CD45.1-) Ly49H+ NK cells at day 7. Second graph, numbers of WT an

graph, proportions of the cells at various indicated time points (n = 8). Fourth gra

(B) Same as (A), except that equal numbers of Ly49H+ NK cells from WT (B6) and

used as a marker to distinguish WT (CD48+) and CD48 KO (CD48�) cells. Long-
graphs, n = 11).

(C) Same as (A), except that equal numbers of Ly49H+ NK cells from WT (B6.SJL

term results were assessed at day 56 (second graph, n = 12; third graph, n = 13

(D) Same as (A), except that equal numbers of Ly49H+ NK cells from WT (B6.SJL

term results were assessed at day 35 (n = 6).

(E) Same as (A), except that equal numbers of Ly49H+ NK cells from WT (B6.SJL)

term results were assessed at day 35 (n = 10). Statistical analyses were cond

with multiple time points, for which multiple t tests were employed. Each symbol r

**p % 0.01, ***p % 0.001; ns, not significant. Data are representative of two (A),

recipient mice were injected with purified NK cells in each independent experim
even before the massive expansion of NK cells, and was accen-

tuated at day 7, when NK cell expansion had largely taken place.

As S3 and S4 NK cells express higher levels of activation

markers,13 the predominant loss of these two subsets likely ex-

plained the slightly reduced expression of KLRG1 and Ki67 on

CD48 KO Ly49H+ NK cells compared with wild-type Ly49H+

NK cells (Figures 3B and 3C).

Most Ly49H+ NK cells activated during MCMV infection are

eliminated through a poorly understood suppression phase

involving cell death.11 At day 4 and day 7 post-infection, there

was little or no increase in the proportions of CD48 KO

Ly49H+ cells displaying activated caspases, which are reflec-

tive of apoptosis,33 compared with wild-type Ly49H+ NK cells

(Figures 3E and S4D).

Thus, CD48 deficiency on NK cells resulted in a dispropor-

tionate loss of mature NK cell subsets, S3 and S4. However, it

had little or no impact on NK cell activation, proliferation, or

death in response to MCMV infection, suggesting an NK cell-

extrinsic mechanism.

2B4 on recipient cells is required for expansion of
Ly49H+ NK cells after MCMV infection
Although the presence of 2B4 and CD2 on transferred NK cells

played little or no role in the expansion of Ly49H+ NK cells, it

was possible that 2B4, CD2, or both on recipient cells were

involved. To address this idea, adoptive transfer experiments

were performed using wild-type and CD48 KONK cells as above,

but using 2B4 KOmice or CD2 KOmice as recipients (Figure 4A).

All recipient mice were also engineered to be deficient in Ly49H.

When 2B4-Ly49H double-knockout (DKO) mice were used as

recipients, the proportions of wild-type andCD48 KO Ly49H+ NK

cells in response to MCMV infection were nearly equivalent (Fig-

ure 4B). At some of the time points, CD48 KO Ly49H+ NK cells

were actually slightly more abundant than wild-type Ly49H+

NK cells (Figure 4C). However, when NK cell numbers were as-

sessed, both wild-type and CD48 KO Ly49H+ NK cells displayed

dramatically reduced abundance (by �90%) (Figure 4D). When

CD2-Ly49H DKO mice were used as recipients, the difference

in expansion of wild-type and CD48 KO Ly49H+ NK cells was

similar to that noted in Ly49H KO hosts (Figure 4E).
llowing MCMV infection

(B6.SJL) and 2B4 KO donors were mixed and injected into Ly49H KOmice. On

portions ofWT versus 2B4 KONK cells in the Ly49H+ population in the blood of

aph, representative flow cytometry analysis of the proportions of WT (CD45.1+)

d 2B4 KO Ly49H+ NK cells per million blood lymphocytes at day 7 (n = 8). Third

ph, proportions of the cells at day 35 (n = 8).

CD48 KO donors were mixed and injected into Ly49H KOmice and CD48 was

term results were assessed at day 56 (second graph, n = 10; third and fourth

) and SLAMF7 KO donors were mixed and injected into Ly49H KO mice. Long-

; fourth graph, n = 12).

) and SLAMF1 KO donors were mixed and injected into Ly49H KO mice. Long-

and SLAMF6 KO donors were mixed and injected into Ly49H KO mice. Long-

ucted using unpaired t tests (two-tailed), except in graphs displaying data

epresents an individual mouse; error bars depict the mean with SD. *p% 0.05,

three (B), four (C), two (D), and three (E) independent experiments; two to four

ent. See also Figures S1–S3.
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Figure 3. Minimal effect of CD48 deficiency on NK cell activation and proliferation

(A) Equal numbers of Ly49H+ NK cells from WT and CD48 KO donors were mixed and injected into Ly49H KO mice following MCMV infection. Expression of

various markers was determined on freshly isolated WT or CD48 KO splenic Ly49H+ NK cells on day 4. Left, representative flow cytometry analysis of activating

marker CD69 expression on non-infected controls (black), WT (blue), and CD48 KO (red) Ly49H+ NK cells; isotype controls are shown in gray. Right, statistical

analysis of mean fluorescence intensity (MFI) of CD69 (n = 4).

(B) Same as (A), except that KLRG1 expression was assessed (n = 4).

(C) Same as (A), except that Ki67 expression was assessed by intracellular staining (n = 6).

(D) Same as (A), except that the expression of CD11b andCD27was assessed to check the development of Ly49H+ NK cells. Stage 1 (S1), CD11b�/CD27�; stage
2 (S2), CD11b�/CD27+; stage 3 (S3), CD11b+/CD27+; stage 4 (S4), CD11b+/CD27� (n = 4).

(E) Same as (A), except that activated caspases were assessed by intracellular staining (n = 4). Statistical analyses were conducted using unpaired t tests (two-

tailed). Each symbol represents an individual mouse; error bars depict the mean with SD. *p % 0.05, **p % 0.01, ***p % 0.001; ns, not significant. Data are

representative of two (A), two (B), three (C), two (D), and two (E) independent experiments; one to three recipient mice were injected with purified NK cells in each

independent experiment. See also Figure S4.
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To quantify more precisely the impact of 2B4 deficiency in

recipient mice, wild-type Ly49H+ NK cells alone were transferred

into 2B4-Ly49H DKO or Ly49H KO hosts (Figure 4F). When in-

jected into 2B4-Ly49H DKO hosts, wild-type Ly49H+ NK cells

displayed a marked decrease (by >95%) in expansion following

MCMV infection compared with Ly49H KO hosts (Figure 4G).

This defect was seen as early as day 7 post-infection.

Therefore, loss of 2B4, but not of CD2, in the host mimicked

the impact of loss of CD48 on adaptive Ly49H+ NK cells during

MCMV infection.

Evidence that macrophages restrict expansion of
Ly49H+ NK cells during MCMV infection
2B4 is expressed on NK cells, macrophages, dendritic cells, and

some CD8+ T cells. Previous studies documented an inhibitory

role of 2B4 in NK cells, at least in mice, as well as in macro-

phages.26,34 When 2B4 on mouse NK cells is engaged by CD48

on target cells, including on adjacent NK cells, it suppresses cyto-

toxicity.35 Killing of NK cells by other NK cells, so-called ‘‘fratri-

cide,’’ underlies the reduced expansion of Ly49H+ NK cells in

the absence of type I IFN signaling in Ly49H+ NK cells.17

To ascertain if CD48 on transferred Ly49H+ NK cells was

acting by engaging 2B4 on host NK cells, we could not use clas-

sical NK cell depletion reagents such as anti-asialo-GM1 or anti-

NK1.1 antibodies, as these antibodies would also deplete the

transferred NK cells. Thus, we used as the recipient mouse the

RAG-2-IL-2 receptor common g chain (RAG-2-IL-2Rg) DKO

mouse, which lacks NK cells36,37 (Figure 5A). As the RAG-2-IL-

2Rg DKO mouse also lacks mature T cells and B cells, we

used as control the RAG-1 KO mouse, which is devoid only of

mature T cells and B cells. The RAG-1 KO mouse was bred

with the Ly49H KOmouse, to eliminate Ly49H+ on host NK cells.

When injected with wild-type and CD48 KO Ly49H+ NK cells,

RAG-2-IL-2Rg DKO hosts still showed a severe defect in the

expansion of CD48 KO Ly49H+ NK cells following MCMV infec-

tion compared with wild-type Ly49H+ NK cells (Figures 5B and

S5A). A similar deficit was noted in RAG-1-Ly49H DKO mice

(Figures 5C and S5B). Hence, host NK cells were not involved

in the compromised expansion of CD48 KO Ly49H+ NK cells.

Although CD48 KO Ly49H+ NK cells weremuchmore diminished
Figure 4. Recipient cell-expressed 2B4 is necessary for the expansion

(A) Schematic diagram of adoptive transfer experiment. On day�1 (1 day before i

mixed and injected intravenously into Ly49H KO, 2B4-Ly49H DKO, or CD2-Ly49

peritoneally into recipients. The proportions and numbers of WT and CD48 KO Ly

(B) Representative flow cytometry analysis of the proportions ofWT (CD48+) and C

is depicted.

(C) From left to right: first graph, representative flow cytometry analysis of the prop

at day 7. Second graph, the proportions at various time points are depicted (n =

(D) Same as (B), except that the numbers of WT and CD48 KO Ly49H+ NK cells

(E) Same as (C), except that the proportions in CD2-Ly49H DKO recipient mice a

(F) Same as (A), except that only WT Ly49H+ NK cells were injected into Ly49H K

(G) From left to right: first and second graphs, proportions of Ly49H+ NK cells in th

Ly49H DKO recipient mice are depicted. Third graph, fold change in Ly49H+ p

recipient mice at indicated time points compared with day 0 (n = 6). Fourth graph,

analyses were conducted using unpaired t tests (two-tailed), except in graphs disp

In addition, in graphs involving comparisons of more than two groups, one-way A

represents an individual mouse; error bars depict the mean with SD. *p% 0.05, *

four (C), four (D), two (E), and two (G) independent experiments; two or three recip

8 Cell Reports 43, 113800, March 26, 2024
than wild-type Ly49H+ NK cells in proportions and numbers in

the RAG-1-deficient host mice, wild-type Ly49H+ NK cells

were also reduced in numbers compared with Ly49H KO host

mice (Figure S5C). This phenomenon was previously ascribed

to a requirement of host CD8+ T cells for avoiding Ly49H+ NK

cell exhaustion during MCMV infection.38

The notion that 2B4 is inhibitory in macrophages was sug-

gested by the finding that engagement of 2B4 on macrophages

by CD48 on T cells prevented phagocytosis of T cells.34 To

ascertain if macrophages were involved in the reduced expan-

sion of CD48 KO Ly49H+ NK cells, host macrophages were

depleted using two complementary approaches. First, recipient

mice were treated for 3 weeks with blocking anti-colony-stimu-

lating factor-1 receptor (CSF-1R) antibodies, which prevent dif-

ferentiation of monocytes into macrophages.39 Anti-CSF-1R an-

tibodies resulted in a partial reduction (by �75%) of splenic

macrophage (identified as B220�, TCRb�, NK1.1�, F4/80+,

CD11b�/lo) compared with control antibodies (Figures 5D and

S5D). They also partially corrected the expansion defect of

CD48 KO Ly49H+ NK cells in spleen and blood compared with

wild-type Ly49H+ NK cells (Figures 5E and S5E).

Second, recipient micewere treatedwith clodronate encapsu-

lated in liposomes, which eliminates macrophages by direct

cytotoxicity.40 Compared with control liposomes, clodronate-

containing liposomes yielded a >90% depletion of splenic mac-

rophages (Figure 5F). They also ameliorated the defect in expan-

sion of CD48 KO Ly49H+ NK cells compared with wild-type

Ly49H+ NK cells (Figure 5G). The greater efficacy of clodronate

at restoring expansion of CD48 KO Ly49H+ NK cells, compared

with blocking anti-CSF-1R antibodies, is likely related to its

greater capacity to deplete macrophages (Figures 5D–5G).

Hence, these data supported the idea that host macrophages,

but not host NK cells, were responsible at least in part for the

reduced expansion of CD48 KO Ly49H+ NK cells during MCMV

infection.

2B4-CD48 prevents phagocytosis of activated NK cells
during MCMV infection
To test if the 2B4-CD48 axis was preventing phagocytosis of NK

cells by macrophages in the context of MCMV infection, an
of Ly49H+ NK cells following MCMV infection

nfection), equal numbers of Ly49H+ NK cells fromWT and CD48 KOmice were

H DKO recipient mice. On day 0, 7.5 3 102 pfu of MCMV was injected intra-

49H+ NK cell populations were analyzed in blood at the indicated time points.

D48 KO (CD48�) Ly49H+ NK cells in Ly49H KOmice and 2B4-Ly49H DKOmice

ortions ofWT and CD48 KO Ly49H+ NK cells in 2B4-Ly49HDKO recipient mice

10). Third graph, long-term results at day 35 (n = 10).

per million lymphocytes are depicted (n = 10).

re depicted. Long-term results were assessed at day 35 (n = 5).

O or 2B4-Ly49H DKO recipient mice.

e total NK cell population (NK1.1+, TCRb�) in the blood of Ly49H KO and 2B4-

roportions in the total NK cell population of Ly49H KO and 2B4-Ly49H DKO

numbers of Ly49H+ NK cells per million lymphocytes at day 7 (n = 6). Statistical

laying data with multiple time points, for which multiple t tests were employed.

NOVA followed by Tukey’s multiple comparisons test were used. Each symbol

*p % 0.01, ***p% 0.001; ns, not significant. Data are representative of four (B),

ient mice were injected with purified NK cells in each independent experiment.
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in vitro model of MCMV infection was developed according to a

published protocol.41 Mouse bone marrow-derived macro-

phages (BMDMs)were infected in vitrowith anMCMV variant en-

coding green fluorescent protein (GFP) (Figure 6A). Monitoring of

GFP expression enabled the distinction of ‘‘infected’’ macro-

phages (GFP+) from ‘‘bystanding’’ macrophages (GFP-), which

are not infected but are activated by soluble factors produced

during MCMV infection (Figure 6B). BMDMs not subjected to

MCMV infection (‘‘non-infected’’) were used as controls (Fig-

ure 6A). As reported, following MCMV infection, infected GFP+

BMDMs exhibited loss of surface expression of F4/80 and

CD45 compared with bystanding BMDMs, reflecting macro-

phage dedifferentiation (Figure 6C).

Twenty-four hours after infection, microscopy-based phago-

cytosis assays were performed, using as targets wild-type or

CD48 KO NK cells previously activated with IL-12, IL-15, and

IL-18 and labeled with CellTrace violet (CTV) (Figure 6A). NK cells

were activated using cytokines, rather than antibodies against

activating receptors present on NK cells, to avoid phagocytosis

of NK cells upon triggering of Fc receptors on macrophages.

With non-infected macrophages, the efficiency of phagocytosis

was quite low (�5%–7%). It was slightly greater toward CD48

KO NK cells compared with wild-type NK cells (Figure 6D). After

MCMV infection, though, BMDMs had a much higher efficiency

of phagocytosis, especially toward CD48 KO NK cells (�25%),

compared with wild-type NK cells (�15%). This effect was solely

seen in bystanding BMDMs. GFP+ BMDMs, which were infected

by MCMV, exhibited little phagocytosis, in keeping with the pre-

vious report that these cells were incapable of phagocytosing la-

tex particles.41

Next, we tested phagocytosis of wild-type NK cells incubated

in the presence of wild-type or 2B4 KO BMDMs. Compared with

wild-type bystanding BMDMs, the 2B4 KO bystanding BMDMs

displayed greater phagocytosis of wild-type NK cells (�25%

versus �15%) (Figure 6E). A small increase in phagocytosis

was also seen in non-infected 2B4 KO BMDMs compared with

wild-type BMDMs (�10% versus �7%).

Therefore, loss of CD48 on NK cells or loss of 2B4 on macro-

phages resulted in greater phagocytosis of activated NK cells by
Figure 5. Macrophages limit the expansion of Ly49H+ NK cells

(A) Schematic diagramof adoptive transfer experiment. On day�1 (1 day before infe

mixed and injected intravenously into Ly49H KO recipients versus recipients lacki

Ly49H DKO mice, or Ly49H KO mice treated with a-CSF-1R or clodronate-conta

ally into recipients. The proportions and numbers of WT and CD48 KO NK cells in

(B) The proportions of WT versus CD48 KO Ly49H+ NK cells in the blood of Ly49H

right: first two graphs, representative flow cytometry analyses are depicted. Thir

(C) Same as (B), except that the Ly49H KO or RAG-1-Ly49H DKO recipient mice

(D)Macrophagedepletion inLy49HKO recipientmiceby injection of anti-CSF-1Ra

treated with isotype antibody. From left to right: first two graphs, representative flo

day 7 are depicted; macrophages were identified as B220�, TCRb�, NK1.1�, F4/
phages in the B220�, TCRb�, NK1.1� population. Third graph, statistical analysi

(E) Same as (D), except that the proportions of WT and CD48 KO Ly49H+ NK ce

(F) Same as (D), except that macrophages were depleted by injection of clodro

periments. Control group was treated with control liposomes (n = 7).

(G) Same as (F), except the proportions of WT and CD48 KO Ly49H+ NK cells we

(two-tailed), except in graphs that involved comparisons ofmore than two groups,

employed. Each symbol represents an individual mouse; error bars depict the m

are representative of two independent experiments; two to four recipient mice w

Figure S5.
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macrophages during MCMV infection. Bystanding macrophages,

but not infectedmacrophages, were responsible for this increase.

Phagocytosis of NK cells regulated by 2B4-CD48 is
mediated by integrin LFA-1
Phagocytosis requires not only relief of the inhibitory function of

receptors like 2B4, but also triggering of pro-phagocytic ‘‘eat

me’’ receptors.34,42 Pro-phagocytic receptors include receptors

for the Fc portion of antibodies (FcRs), integrin Mac-1 (CD11b),

and SLAMF7, which recognize antibodies, complement, and

SLAMF7, respectively, on target cells. During inflammation, in-

tegrins LFA-1 (CD11a) and CD11c can also act as pro-phago-

cytic receptors, triggered by as-yet unknown ligands on target

cells.42 Mac-1, LFA-1, and CD11c associate with the same

signaling subunit, known as CD18 or b2 integrin.43

To identify the pro-phagocytic receptor(s) on macrophages

involved in elimination of CD48 KO NK cells, we first examined

the expression of known pro-phagocytic receptors in the pres-

ence or in the absence of MCMV infection in vitro. Given that

exogenous antibodies were not used in our phagocytosis assays,

it was unlikely that FcRs were involved. Moreover, as SFR KO NK

cells, which lacked not only CD48 but also SLAMF7, displayed

augmented elimination in vivo, it was improbable that SLAMF7

was implicated. Consequently, we focused on integrins.

Comparedwith non-infected BMDMs, bystanding BMDMs dis-

played an increase (�3- to 4-fold) in expression of CD11a, as well

as of LFA-1 (which represents the CD11a-CD18 heterodimer)

(Figures 7A and 7B). A small increase (�2-fold) in expression of

CD18 was also seen. In contrast, there was reduced expression

of CD11b (by �80%), and only low levels of CD11c were seen.

Of note, bystanding and infected BMDMs also showed a diminu-

tion in expression of 2B4 (by �70%–80%) and CD48 (by �10%–

30%) compared with non-infected BMDMs.

In the light of these findings, we first studied the impact of anti-

body-mediated blockade of CD11a or CD18 on phagocytosis.

Compared with control antibodies, blocking anti-CD11a anti-

bodies or blocking anti-CD18 antibodies markedly reduced the

ability of bystanding macrophages to phagocytose wild-type

and CD48 KO NK cells (Figures 7C and 7D). The augmented
ction), equal numbers of Ly49H+NKcells fromWTmice andCD48KOmicewere

ng specific types of immune cells, including RAG-2-IL-2Rg DKO mice, RAG-1-

ining liposomes. On day 0, 7.5 3 102 pfu of MCMV was injected intraperitone-

the Ly49H+ NK cell population were analyzed in the blood or spleen at day 7.

KO or RAG-2-IL-2Rg DKO recipient mice were analyzed at day 7. From left to

d graph, statistical analysis for multiple independent mice (n = 6).

were used (n = 5).

ntibodybefore andduring theadoptive transfer experiments.Control groupwas

w cytometry analyses of themacrophage depletion efficiency in splenocytes at

80+, CD11b�/lo cells, and the percentage represents the proportion of macro-

s for multiple independent mice (n = 4 for isotype control; n = 6 for a-CSF-1R).

lls were analyzed (n = 4 for isotype control; n = 6 for a-CSF-1R).

nate encapsulated in liposomes before and during the adoptive transfer ex-

re analyzed (n = 7). Statistical analyses were conducted using unpaired t tests

for which one-way ANOVA followed by Tukey’smultiple comparisons test were

ean with SD. *p % 0.05, **p % 0.01, ***p % 0.001; ns, not significant. Data

ere injected with purified NK cells in each independent experiment. See also



Figure 6. 2B4-CD48 axis inhibits phagocytosis of activated NK cells in response to MCMV infection

(A) Schematic diagram of the in vitro phagocytosis assay. BMDMs and NK cells were prepared under the indicated conditions. About 10% of the BMDMs were

GFP+ (infected macrophages), and 90% of the BMDMs were GFP� (bystanding macrophages). Phagocytosis assays were performed by co-incubating the

macrophages and NK cells for 2 h followed by microscopic analysis to identify the phagocytosis rate of NK cells by macrophages.

(B) Representative merged microscopic picture showing the infected macrophage (GFP+), bystanding macrophage (GFP�), and NK cells (labeled with

CellTrace violet) at the end of the phagocytosis assay. The blue arrow indicates an example of NK cells (violet) phagocytosed by a bystanding macrophage

(gray). The white arrow indicates an example of an NK cell conjugated with a bystanding macrophage. This is not counted as a phagocytosis event. Scale bar,

50 mm.

(C) Flow cytometry analysis and statistical analysis of the expression of F4/80 (left two graphs) and CD45 (right two graphs) on untreated macrophages (black),

bystanding macrophages (red), and infected macrophages (blue). Isotype controls are shown in gray (n = 3).

(D) Statistical results of the phagocytosis assay usingWTBMDMs as effector cells andWTor CD48KONK cells as target cells. The uninfectedBMDMswere used

as controls. The phagocytosis rates of bystanding macrophages (GFP�) and infected macrophages (GFP+) were counted and analyzed (n = 3).

(E) Same as (D), except that WT or 2B4 KO BMDMs were used as effector cells and WT NK cells were used as target cells (n = 3). Statistical analyses were

conducted using one-way ANOVA followed by Tukey’s multiple comparisons test. Each symbol represents an individual mouse; error bars depict the mean with

SD. *p % 0.05, **p % 0.01, ***p % 0.001; ns, not significant. Data are representative of three independent experiments.
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phagocytosis caused by loss of CD48 on NK cells was abro-

gated. Next, we examined the effect of genetic loss of CD11a

in macrophages. Unlike wild-type BMDMs, CD11a KO BMDMs

did not exhibit any increase in phagocytosis of CD48 KONK cells

compared with wild-type NK cells (Figure 7E).

Thus, the augmented phagocytosis of CD48 KO NK cells by

bystanding macrophages was mediated by LFA-1 (CD11a-

CD18). Given the impact of the blocking antibodies, it is likely
that LFA-1 recognized pro-phagocytic ligands on activated NK

cells, as suggested elsewhere.42

DISCUSSION

Here, we found that CD48 expressed on Ly49H+ NK cells was

crucial for the expansion of adaptive Ly49H+ NK cells after

MCMV infection. This requirement was not due to a cell-intrinsic
Cell Reports 43, 113800, March 26, 2024 11
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impact of CD48 on activation, proliferation, or apoptosis of

Ly49H+ NK cells, as assessed by the expression of CD69,

KLRG1, Ki67, and activated caspases. Rather, our data indi-

cated that CD48 attenuated the suppression of, and thereby pro-

moting, Ly49H+ NK cell expansion after MCMV infection. As

mentioned earlier, a related role was reported for type I IFN

signaling, although in these cases, the protective role of type I

IFN signaling was NK cell intrinsic.17 Our report is the first indica-

tion of an NK cell-extrinsic role of receptor-mediated signaling in

adaptive NK cell expansion.

The role of CD48 in promoting the expansion of adaptive

Ly49H+ NK cells required expression of its counter-receptor,

2B4, in the host. Nevertheless, this function was not dependent

on host NK cells, which express 2B4. It was also not reliant on

host T cells, as demonstrated using RAG-1 KO mice. Rather, it

was dependent at least in part on host macrophages, which

are also 2B4 positive. In support of this idea, elimination of mac-

rophages by anti-CSF-1R antibodies or clodronate rescued the

expansion defect of CD48 KO Ly49H+ NK cells relative to wild-

type Ly49H+ NK cells. This rescue was partial, however, likely

because these macrophage-depletion agents are not fully effec-

tive at removing tissue macrophages.34,39,44 This is especially

true for anti-CSF-1R antibodies.34,39 It is conceivable that the re-

maining macrophages were sufficient to eliminate an appre-

ciable proportion of the activated Ly49H+ NK cells during

MCMV infection. There is not necessarily a linear relationship be-

tween number of macrophages and total phagocytic capacity.

Another scenario is that the remaining macrophages, and

perhaps other myeloid cells expressing 2B4, including dendritic

cells and neutrophils, were compensating for the macrophage

loss and becoming more efficient sites of viral replication and

NK cell activation.

Evidence for the involvement of macrophages was also pro-

vided by the in vitromodel of MCMV infection. Using BMDMs in-

fected by a GFP-encoding variant of MCMV, we observed that

bystanding macrophages, but not infected macrophages, ex-

hibited greater phagocytosis of CD48 KO NK cells compared

with wild-type NK cells. Likewise, compared with wild-type by-

standing BMDMs, 2B4 KO bystanding BMDMs were more effi-

cient at phagocytosis of wild-type NK cells.

One of the key roles of macrophages during infections is to

eliminate pathogens, in addition to damaged and unwanted

host cells, via phagocytosis.45 Such a process is facilitated by
Figure 7. Integrin LFA-1 mediates phagocytosis of NK cells regulated
(A) Flow cytometry analysis of the expression of b2-integrins and SLAM family re

red), and infected macrophages (GFP+; blue). Isotype controls are shown in gray

(B) Same as (A), except statistical analyses of the results are depicted (n = 3).

(C) Phagocytosis assays with blocking antibody were performed by co-incubating

control antibody. WT BMDMs were used as effector cells and WT NK cells (filled

uninfected BMDMs were used as controls. The phagocytosis rates of bystanding

(D) Same experiments as in (C), except that the results with anti-CD18 antibody

(E) Phagocytosis assays were performed using BMDMs from CD11a-deficient m

columns) or CD48 KO NK cells (open columns) as target cells. Either CD11a sin

(CD11a�, Ly49H�) were used to generate CD11a KO BMDMs.WT (CD11a+, Ly49H

The uninfected BMDMs (black) were used as controls. Statistical results of the

phages (GFP+) are depicted (n = 3). Statistical analyses were conducted using o

represents an individual mouse; error bars depict the mean with SD. *p % 0.05,

independent experiments.
the attenuation of inhibitory signals in macrophages. In agree-

ment with this concept, expression of 2B4 was decreased on

bystanding macrophages after MCMV infection. This modifica-

tion likely favored the elimination of unwanted CD48-positive

cells, including various immune cells. Paradoxically, adaptive

Ly49H+ NK cells exhibited augmented expression of CD48 after

MCMV infection. Augmented expression of CD48 on NK cells, in

the face of decreasing expression of 2B4 on macrophages, may

be aimed at selectively protecting activated Ly49H+ NK cells, but

not unwanted immune cells, from phagocytosis.

In addition to reduced inhibitory signals, phagocytosis is

dependent on the engagement of one or more activating recep-

tors on macrophages by their ligands on target cells.46,47 Our

data suggested that macrophage-expressed LFA-1, or CD11a-

CD18, was critical for the enhanced phagocytosis of CD48 KO

NK cells after MCMV infection. Future studies involving condi-

tional KO mice in which expression of LFA-1 can be specifically

eliminated in macrophages will be needed to confirm this

requirement in vivo. We also observed that expression of

CD11a, but not of related integrins CD11b and CD11c, on mac-

rophages was augmented upon MCMV infection. The observa-

tion that 2B4 suppressed the function of LFA-1 in macrophages

was reminiscent of our previous finding that, in mouse NK cells,

2B4 inhibited NK cell cytotoxicity by repressing the activity of

LFA-1.26 In NK cells, the inhibitory function of 2B4 was mediated

by lipid phosphatase SHIP-1, which prevented inside-out activa-

tion of LFA-1. Whether a similar mechanism is operational in

macrophages deserves consideration.

Within the SLAM family, the 2B4-CD48 axis played the most

predominant role in the expansion of adaptive MCMV-specific

NK cells. Although SLAMF7 also favored the expansion of

Ly49H+ NK cells, its effect was much more modest. Given the

previously reported role of SLAMF7 as an activating receptor

in NK cells,48 it is conceivable that SLAMF7 was cooperating

with Ly49H and other receptors such as DNAM-1 to enable

optimal NK cell activation in response to MCMV. Conversely,

we found that NK cell-expressed 2B4 suppressed expansion

of adaptive Ly49H+ NK cells. Considering that 2B4 has been

shown to mediate inhibitory signals in mouse NK cells,23,26 it is

plausible that this SFR acted by inhibiting NK cell activation in

response to the virus.

In summary, we have identified a previously unsuspected

mechanism involving macrophages that is critical for expansion
by the 2B4-CD48 axis
ceptors on untreated macrophages (black), bystanding macrophages (GFP�;
.

the macrophages and NK cells for 2 h in the presence of anti-CD11a or isotype

columns) or CD48 KO NK cells (open columns) were used as target cells. The

macrophages (GFP�) and infected macrophages (GFP+) are depicted (n = 3).

and the respective isotype control are depicted (n = 3).

ice or the CD11a-positive control mice as effector cells and WT NK cells (filled

gle-deficient mice (CD11a�, Ly49H+) or CD11a-Ly49H double-deficient mice
+) or Ly49H single-deficient (CD11a+, Ly49H�) BMDMswere used as controls.

phagocytosis assay of bystanding macrophages (GFP�) and infected macro-

ne-way ANOVA followed by Tukey’s multiple comparisons test. Each symbol

**p % 0.01, ***p % 0.001; ns, not significant. Data are representative of three
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of adaptive NK cells after MCMV infection. This mechanism in-

volves CD48 on Ly49H+ NK cells and its counter-receptor 2B4

on host macrophages. When engaged by CD48, 2B4 sup-

presses the ability of bystanding macrophages, which are acti-

vated upon MCMV infection, to phagocytose and promotes the

expansion of activated Ly49H+ NK cells following viral infection.

This process likely accelerates elimination of virus-infected cells

and, ultimately, facilitates the generation of a larger pool of long-

lived adaptive NK cells.

In addition to augmenting our comprehension of the pro-

cesses leading to expansion of adaptive NK cells, these data

provide a first indication of the key role of macrophages in the

homeostasis of adaptive NK cells. While previous data docu-

mented the involvement of macrophages in MCMV propagation,

as well as in immune cell activation and viral clearance during

MCMV infection,49–51 our findings show that macrophages also

have the capacity to eliminate virus-activated NK cells and that

this function needs to be suppressed by 2B4-CD48. It will be

interesting to determine if a similar function exists after infection

with other viruses, such as HCMV, or during the production of

CIML NK cells in response to cytokines. It is also tempting to

speculate that therapeutic stimulation of the 2B4-CD48 axis

might enhance the generation of adaptive NK cells or CIML NK

cells for clinical purposes toward the treatment of human dis-

eases such as viral infections and cancer.

Limitations of the study
Future studieswill be necessary to determinewhether the effects

of 2B4-CD48 observed in vivo were mediated solely by macro-

phages or whether other immune cell types were involved. More-

over, it remains to be clarified whether the 2B4-CD48 mecha-

nism also exists for human virus-specific adaptive NK cells and

CIML NK cells and whether our proposed mechanism involving

2B4-CD48 can be harnessed for therapeutic purposes in clinical

settings. Last, our experiments on the role of LFA-1 were con-

ducted only in vitro, because no conditional CD11a-deficient

mouse strain is available. Appropriate in vivo studies will be

needed to prove that LFA-1 was the activating receptor respon-

sible for phagocytosis of NK cells during MCMV infection.
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Anti-mouse Ki67-APC (16A8) BioLegend Cat#652406; RRID: AB_2561930

Anti-mouse KLRG1-APC (2F1/KLRG1) BioLegend Cat#138412; RRID: AB_10641560

Anti-mouse Ly49C/I/F/H-FITC (14B11) eBioscience Cat#11-5991-81; RRID: AB_465339

Anti-mouse Ly49D-FITC (4E5) BioLegend Cat#138303; RRID: AB_10588709

Anti-mouse Ly49G2-FITC (4D11) eBioscience Cat#11-5781-82; RRID: AB_763604

Anti-mouse Ly49H-APC (3D10) BioLegend Cat#144712; RRID: AB_2783111

Anti-mouse Ly49H-FITC (3D10) BioLegend Cat#144708; RRID: AB_2561744

Anti-mouse Ly-9-APC (Ly9ab3) BioLegend Cat# 122907; RRID: AB_2561312

Anti-mouse NK1.1-PE/Cyanine7 (PK136) BioLegend Cat#108714; RRID: AB_389364

Anti-mouse NKG2A/C/E-FITC (20d5) eBioscience Cat#11-5896-82; RRID: AB_465305

Anti-mouse NKG2D-PE (CX5) BioLegend Cat#130208; RRID: AB_1227712

Anti-mouse NKp46-PE (29A1.4) BioLegend Cat#137604; RRID: AB_2235755

Anti-mouse SLAMF6 (Ly108)-PE (330-AJ) BioLegend Cat#134606; RRID: AB_2188095

Anti-mouse SLAMF7 (CD319)-PE (4G2) BioLegend Cat#152006; RRID: AB_2632677

Anti-mouse SLAM-PE (TC15-12F12.2) BioLegend Cat#115904; RRID: AB_313683

Anti-mouse TCR-b- PE/Cyanine5 (H57-597) BioLegend Cat#109210; RRID: AB_313433

Anti-mouse TCR-b-FITC (H57-597) BioLegend Cat#109206; RRID: AB_313429

Anti-mouse TCR-b-Pacific Blue (H57-597) BioLegend Cat#109226; RRID: AB_1027649

Armenian hamster IgG isotype control

antibody-APC (HTK888)

BioLegend Cat#400912

(Continued on next page)
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Armenian hamster IgG isotype control

antibody-FITC (HTK888)

BioLegend Cat#400906

Armenian hamster IgG isotype control

antibody-PE (HTK888)

BioLegend Cat#400907; RRID: AB_326593

Mouse IgG1 k isotype control antibody-PE

(MOPC-21)

BioLegend Cat#400112; RRID: AB_2847829

Mouse IgG2a k isotype control antibody-PE

(MOPC-173)

BioLegend Cat#400212; RRID: AB_326460

Rat IgG1 k isotype control antibody-APC

(RTK2071)

BioLegend Cat#400412; RRID: AB_326518

Rat IgG1 k isotype control antibody-PE

(RTK2071)

BioLegend Cat#400408; RRID: AB_326514

Rat IgG2a k isotype control antibody-Alexa

Fluor 647 (RTK2758)

BioLegend Cat#400526; RRID: AB_2864284

Rat IgG2a k isotype control antibody-APC

(RTK2758)

BioLegend Cat#400512; RRID: AB_2814702

Rat IgG2a k isotype control antibody-FITC

(RTK2758)

BioLegend Cat#400506; RRID: AB_2736919

Rat IgG2a k isotype control antibody-PE

(RTK2758)

BioLegend Cat#400508; RRID: AB_326530

Rat IgG2b k isotype control antibody- PE/

Cyanine7 (RTK4530)

BioLegend Cat#400618; RRID: AB_326560

Rat IgG2b k isotype control antibody-APC

(RTK4530)

BioLegend Cat#400612; RRID: AB_326556

Rat IgG2b k isotype control antibody-

Pacific Blue (RTK4530)

BioLegend Cat#400527; RRID: AB_2864285

Rat IgG2b k isotype control antibody-PE

(RTK4530)

BioLegend Cat#400608; RRID: AB_326552

Anti-mouse CSF1R (AFS98) Bio X Cell Cat#BE0213; RRID: AB_2687699

Rat IgG2a k isotype control (2A3) Bio X Cell Cat#BE0089; RRID: AB_1107769

Anti-mouse CD11a (M17/4) eBioscience Cat#16-0111-82; RRID:AB_468881

Rat IgG2a k isotype control (eBR2a) eBioscience Cat#16-4321-85; RRID:AB_470156

Anti-mouse CD18 (GAME-46) BD Biosciences Cat#555280; RRID: AB_395703

Rat IgG1 isotype control (R3-34) BD Biosciences Cat#553921; RRID: AB_395507

Anti-mouse CD16/32 (2.4G2) hybridoma

supernatant

In house N/A

Anti-mouse CD25 (7G7) hybridoma

supernatant

In house N/A

Bacterial and virus strains

Murine Cytomegalovirus (MCMV) The Center for Phenogenomics,

Montreal

Smith strain

MCMV-GFP Baasch et al., 202141 N/A

Chemicals, peptides, and recombinant proteins

RPMI-1640 Thermo Fisher Scientific Cat#21870076

L929 cell-conditioned medium In house N/A

Recombinant Murine IL-15 PeproTech Cat#210-15

Recombinant Murine IL-12 PeproTech Cat#210-12

Recombinant Mouse IL-18 Bio-techne Cat#B004-5

Clodronate liposomes & control liposomes LIPOSOMA Cat#CP-010-010

(Continued on next page)
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Critical commercial assays

CaspGLOWTM Fluorescein Active Caspase

Staining Kit

BioVision Cat#K180-100

Foxp3/Transcription Factor Staining

Buffer Set

ThermoFisher Scientific Cat#00-5523-00

Fixation/Permeabilization Kit BD Biosciences Cat#554714

EasySepTM Mouse NK Cell Isolation Kit STEMCELL Technologies Cat#19855

EasySepTM magnet STEMCELL Technologies Cat#18000

CellTraceTM Violet (CTV) Cell Proliferation

Kit

ThermoFisher Scientific Cat#C34557

Zombie Violet Fixable Viability Kit BioLegend Cat#423113

Experimental models: Organisms/strains

C57BL/6J The Jackson Lab Strain #: 000664; RRID:IMSR_JAX:000664

B6.SJL-Ptprca Pepcb/BoyJ The Jackson Lab Strain #: 002014; RRID:IMSR_JAX:002014

SFR KO (B6-Del(1Cd244a-Slamf6)1Vei) In house N/A

SLAMF1,5,6 tKO

(B6-Slamf1em1VeiCd84em1VeiSlamf6em1Vei)

In house N/A

SLAMF1 KO (B6-Slamf1em1Vei) In house N/A

SLAMF6 KO (B6-Slamf6tm1Pls/J) The Jackson Lab Strain #:024669; RRID:IMSR_JAX:024669

2B4 KO (B6-Cd244atm1Vei) In house N/A

CD48 KO (B6-Cd48em2Vei, clone T6) In house N/A

CD48 KO (B6-Cd48em3Vei, clone T87) In house N/A

SLAMF7 KO (B6-Slamf7tm1.1Vei ) In house N/A

CD2 KO (B6-Cd2em2Vei) In house N/A

Ly49H KO (B6.BXD8-Klra8Cmv1-del1) Fodil-Cornu et al., 200852 N/A

CD11a KO (B6.129S7-Itgaltm1Bll/J) The Jackson Lab Strain #:005257; RRID:IMSR_JAX:005257

RAG-1 KO (B6.129S7-Rag1tm1Mom/J) The Jackson Lab Strain #: 002216; RRID:IMSR_JAX:002216

RAG-2-IL-2Rg DKO (C57BL/

6NTac.Cg-Rag2tm1Fwa Il2rgtm1Wjl)

Taconic Model #: 4111-F; RRID:IMSR_TAC:4111

2B4-Ly49H DKO This paper N/A

CD2-Ly49H DKO This paper N/A

CD11a-Ly49H DKO This paper N/A

RAG-1-Ly49H DKO This paper N/A

Software and algorithms

FlowJo 10.4 FlowJo https://www.flowjo.com/

GraphPad Prism 8.0.2 GraphPad Software https://www.graphpad.com/

Microsoft 365 Microsoft https://www.microsoft.com/en-ca/

ImageJ Schneider et al. 2012 https://imagej.nih.gov/ij/download.html/
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RESOURCE AVAILABILITY

Lead contact
André Veillette (andre.veillette@ircm.qc.ca).

Materials availability
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon reasonable request.

d This study did not generate new data or code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

reasonable request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Mice lacking all SFRs (SFR KO), individual SFRs (including SLAMF1 KO, 2B4 KO, SLAMF6 KO, and SLAMF7 KO), the ligand CD48

(CD48 KO), or CD2 (CD2 KO) have been described elsewhere.23,26,42,53–56 To exclude the possibility of the phenotype being attrib-

uted to off-target effects of CRISPR-Cas, two clones of CD48 KO mice were used in this study: one with a 10-nucleotide deletion

(clone T6) and another with a 1-nucleotide deletion (clone T87) in exon 2 of the CD48-encoding gene,Slamf2.56 Both clones exhibited

the same phenotype in the experiments conducted. Ly49H KO mice were generated by the laboratory of Dr. Silvia Vidal at McGill

University, Montreal, Canada.52 C57BL/6J mice, B6.SJL (CD45.1) mice, RAG-1 KO mice and CD11a KO were obtained from The

Jackson Laboratory. RAG-2-IL-2Rg DKO mice were purchased from Taconic Biosciences. 2B4-Ly49H DKO, CD2-Ly49H DKO,

RAG-1-Ly49H DKO and CD11a-Ly49H DKO were generated by breeding the 2B4 KO, CD2 KO, RAG-1 KO or CD11a KO mice

with Ly49H KO mice until double-deficient homozygosity was achieved. All mice were maintained in the C57BL/6J background,

and kept in specific pathogen-free (SPF) animal facilities. Sex- and age-matched mice between 7 and 16 weeks of age were used

for experiments. Littermates were used whenever possible, except for experiments involving B6.SJL mice. Experiments were per-

formed using both male and female mice, with donors and recipients of the same sex being used in each individual experiment. An-

imal experiments were approved by the Animal Care Committee of the Institut de recherches cliniques deMontréal and performed as

defined by the Canadian Council of Animal Care.

METHOD DETAILS

NK cell enrichment and adoptive transfer
NK cells were enriched from mouse splenocytes using the EasySepTM Mouse NK Cell Isolation Kit and EasySepTM magnet from

STEMCELL Technologies. Enriched NK cells had purities ranging from 60% to 95%. Adoptive transfer experiments were performed

as described.57 In brief, for the competitive adoptive transfer assays, the proportion of Ly49H+ NK cells in each purified NK cell pop-

ulation was determined by flow cytometry, and the numbers of donor cells were adjusted accordingly, to ensure equal numbers of

Ly49H+ NK cells of each genotype in the 1:1 mix. A total of 1.23 105 Ly49H+ NK cells in phosphate-buffered saline (PBS) was admin-

istered in recipient mice by intravenous (I.V.) injection one day before MCMV infection. For the non-competitive adoptive transfer as-

says, 1.2 3 105 Ly49H+ NK cells from a single mouse were injected.

In vivo MCMV infection and analyses of virus-specific NK cells
Stock salivary gland MCMV (Smith strain ATCC VR-1399, lot 1698918) was prepared as described.58 Mice were infected with

7.53 102 plaque-forming units (pfu) of MCMV by intra-peritoneal (I.P.) injection one day after the NK cell transfer. Infection exper-

iments were performed in a biosafety level 2 animal facility. To identify adaptive NK cells in blood or tissues, cells were isolated in

the absence of infection or at the indicated times after infection, and Ly49H+ NK cells (NK1.1+ TCRb- Ly49H+) were identified by

flow cytometry. Relative proportions and numbers of wild-type and mutant Ly49H+ NK cells were determined by staining for CD48

(which is expressed on all wild-type NK cells, but not SFR KO or CD48 KO NK cells) or CD45.1 (which is expressed on all wild-type

NK cells, when wild-type SJL.B6 mice are used as donors, but not mutant NK cells). NK cell activation was monitored by detecting

expression of CD69 and KLRG1, whereas proliferation was determined by analyzing expression of Ki67, using flow cytometry.

Apoptosis and cell death were ascertained by assaying expression of activated caspases using flow cytometry. NK cell maturation

was determined by examining expression of CD27 and CD11b.

Flow cytometry
Prior to staining cells with specificmonoclonal antibodies (MAbs), cells were incubated for 30minutes on ice with anti-CD16/32 (MAb

2.4G2) and mouse IgG2a (MAb 7G7; which blocks CD64) hybridoma supernatants, unless specified, to avoid non-specific staining

due to binding of the Fc portion of MAbs to Fc receptors. After blocking, cells were stained with MAbs or the relevant isotype controls

on ice for 30 minutes. Cells were then washed with PBS containing 2% fetal bovine serum (FBS) and analyzed. When cells were ob-

tained from MCMV-infected mice, they were immediately fixed with the Fixation/Permeabilization Kit (BD Biosciences), to avoid

MCMV contamination. For intracellular staining, cells were first permeabilized with the eBioscienceTM Foxp3/Transcription Factor

Staining Buffer Set (ThermoFisher Scientific), as per the manufacturer’s instructions. To detect activated caspases, cells were

stained using the CaspGLOWTM Fluorescein Active Caspase Staining Kit (BioVision), as per themanufacturer’s instructions. Fluores-

cence was monitored using a CyAnTM ADP Flow Cytometer (Beckman Coulter).

In vivo macrophage depletion
For macrophage depletion utilizing anti-colony-stimulating factor-1 receptor (CSF-1R) MAb, mice were injected IV with 400 mg of

anti-CSF-1R MAb (clone AFS98, Bio X Cell) or rat IgG2a isotype control (clone 2A3, Bio X Cell), three times a week for three weeks,

prior to adoptive transfer of NK cells. To ensuremaintenance of macrophage depletion, injections were continued three times a week

after MCMV infection. For depletion experiments using clodronate, mice were injected I.V. with 200 ml of clodronate liposomes or

control liposomes (Liposoma) every three days, starting from 2 days prior to the adoptive transfer and until the end of the experiment.
20 Cell Reports 43, 113800, March 26, 2024



Article
ll

OPEN ACCESS
With either approach, flow cytometry was conducted on day 7 to confirm macrophage depletion in spleen and monitor the abun-

dance of donor NK cells in spleen or blood.

In vitro infection of macrophages with MCMV
Recombinant MCMV-GFP virus was generated and titrated by the Dr. Ruzsics’ group, as previously described.41 Mouse bone

marrow-derived macrophages (BMDMs) were produced as described elsewhere.59 In brief, femora and tibiae from 8-10 weeks

old mice were flushed with PBS containing 2% FBS and propagated in bacterial Petri dishes for �7 days, in complete DMEM sup-

plemented with 30% (v/v) L929 cell-conditioned medium as a source CSF-1. At day 7, macrophages were harvested using cold PBS

containing 2mM-EDTA, and 53 104 cells were seeded overnight in a 24-well tissue culture plate in complete DMEMand 10%of L929

cell-conditioned medium. The next day, MCMV-GFP infection was performed using a multiplicity of infection (MOI) of 1:1 and cen-

trifugal enhancement, as described.41 Cells were then incubated overnight at 37�C in a 5% CO2 incubator and phagocytosis of NK

cells was analyzed the next day.

Microscopy-based phagocytosis assay
To generate activated NK cells as targets, NK cells were activated with IL-15 (40 ng/ml), IL-12 (20 ng/ml) and IL-18 (10 ng/ml) in RPMI

1640 medium containing 10% FBS for 18 hours. They were subsequently labeled with Cell Trace Violet (CTV; 2.5 mM), for 10 minutes

using the CellTraceTM Violet Cell Proliferation Kit (ThermoFisher Scientific). Then, NK cells were washedwith PBS containing 2%FBS

and centrifuged at 1500 rpm for 5minutes. After incubating BMDMs in serum-freemedium for 1h, 23 105 CTV-labelled NK cells were

added to the BMDMs in the presence or not of 10 mg/ml of blocking anti-CD11a MAb (clone M17/4, eBioscience), blocking anti-

CD18 MAb (clone GAME-46, BD Biosciences), rat IgG1 isotype control (clone R3-34, BD Biosciences) or rat IgG2a k isotype control

(clone eBR2a, eBioscience). When blocking MAbs were used in the phagocytosis assay, they were added to BMDMs 30 minutes

before addition of NK cells. After incubation for 2 h at 37�C, BMDMs were extensively washed, and five images were taken for

each condition using a ZOE Fluorescent Cell Imager (Bio-Rad) with the brightfield, blue and green acquisition channels. Images

were merged, and phagocytosis was quantified by 2 different observers.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism software (version 8) was used for unpaired or paired Student’s t-tests (two-tailed), multiple t-test and one-way

ANOVA followed by Tukey’s multiple comparison tests, when appropriate. Statistical significance was determined by the probability

(p) values, denoted by asterisks, which were set at% 0.05 (*),% 0.01 (**), and% 0.001 (***), respectively. Any data that failed to reach

statistical significance with p values greater than 0.05 were represented as ‘‘not significant’’ (ns). Unless specified, otherwise in the

figure legends, the data are presented asmean ± standard error of themean (SEM). Figure legends provide information regarding the

number of mice used to generate the data. This information was presented in the format "n = x", where "x" represents the number of

mice. Throughout the project, about four blood samples were clotted after collection due to the large volume required to obtain

enough Ly49H+ NK cells, making these samples unsuitable for analysis. Recollection of blood from these mice was not possible

at the required time points due to ethical and animal welfare considerations. Therefore, these samples and their corresponding

controls are not included in the results.
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