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SUMMARY

Natural killer (NK) cells show enhanced functional
competence when they express inhibitory receptors
specific for inherited major histocompatibility
complex class I (MHC-I) molecules. Current models
imply that NK cell education requires an interaction
of inhibitory receptors with MHC-I expressed on
other cells. However, the inhibitory Ly49A receptor
can also bind MHC-I ligand on the NK cell itself (in
cis). Here we describe a Ly49A variant, which can
engage MHC-I expressed on other cells but not in
cis. Even though this variant inhibited NK cell effector
function, it failed to educate NK cells. The associa-
tion with MHC-I in cis sequestered wild-type Ly49A,
and this was found to relieve NK cells from a suppres-
sive effect of unengaged Ly49A. These data explain
how inhibitory MHC-I receptors can facilitate NK
cell activation. They dissociate classical inhibitory
from educating functions of Ly49A and suggest that
cis interaction of Ly49A is necessary for NK cell
education.

INTRODUCTION

Natural killer (NK) cells provide early immune protection against

infected and transformed cells. NK cells express inhibitory

receptors specific for major histocompatibility complex class I

(MHC-I) molecules that interrupt activation signaling in response

to normal cells. Consequently, NK cell activation can proceed

unopposed in response to diseased host cells that express low

levels of MHC-I molecules (known as ‘‘missing-self recognition’’)

(Ljunggren and Kärre, 1990). Transformation or infection can also

lead to the (over-) expression of ligands that further stimulate NK

cells. In this case, an excess of activation signaling can override

MHC-I-dependent NK cell inhibition and induce target lysis

(‘‘induced-self recognition’’ (Diefenbach and Raulet, 2001)).
Inhibitory NK cell receptors specific for classical MHC-I mole-

cules include human killer immunoglobulin-like receptors (KIR)

or murine C-type lectin-like Ly49 family receptors. Most KIR

and Ly49 receptors discriminate allelic determinants on MHC-I

molecules (Lanier, 2005). This feature, together with the random

coexpression of MHC-I receptors on NK cells, generates signif-

icant diversity in the way individual NK cells interact with MHC-I

on target cells (Held et al., 2003; Raulet et al., 2001). The acqui-

sition of a self-MHC-I-specific receptor ensures NK cell toler-

ance to normal host cells. However, in humans and mice, the

randomness of receptor distribution also generates NK cells

that have only unengaged or no inhibitory MHC-I receptors

(Anfossi et al., 2006; Fernandez et al., 2005). The basis for self-

tolerance of these two types of NK cells is currently debated.

Unengaged MHC-I receptors are generally thought to be irrele-

vant for that particular host.

Classical experiments have established that NK cell function is

influenced by the MHC-I molecules of the host (Ohlen et al.,

1989). NK cells from MHC-I-sufficient hosts are competent to

kill MHC-I-deficient target cells. In contrast, NK cells developing

in the absence of host MHC-I fail to kill MHC-I-deficient target

cells (Liao et al., 1991; Zimmer et al., 1998). Experiments using

NK cells from MHC-I-sufficient hosts showed that NK cell func-

tion is enhanced (or maintained) when inhibitory receptors

display specificity for inherited MHC-I molecules (Anfossi et al.,

2006; Fernandez et al., 2005; Kim et al., 2005, 2008; Olsson

et al., 1995). The enhancing effect of host MHC-I on NK cell func-

tion, which is also referred to as NK cell education (Ohlen et al.,

1989), is due to enhanced competence of activation receptor

function, also known as licensing (Kim et al., 2005). The effect

of NK cell education is most apparent for missing-self reactivity,

i.e., the ability of NK cells to kill untransformed, nonstressed cells

that lack MHC-I molecules. It may therefore enable the immune

system to detect autologous cells, which have escaped T cell

recognition because of MHC-I loss but which do not display overt

signs of stress or infection. Such cells may arise during latent

virus infections or after immunoediting of transformed cells.

Even though NK cells are educated when inhibitory receptors

display specificity for inherited MHC-I molecules, the precise
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role of inhibitory NK cell receptors is not clear. The ‘‘arming’’

model (Raulet and Vance, 2006) implies that developing NK cells

are by default inactive. NK cells that express an inhibitory

receptor specific for inherited MHC-I undergo functional matura-

tion (Anfossi et al., 2006; Kim et al., 2005). Functional maturation

does not occur in NK cells expressing exclusively unengaged or

no inhibitory MHC-I receptors. Conversely, the ‘‘disarming’’

model (Raulet and Vance, 2006) implies that developing NK cells

are by default autoaggressive. Immature NK cells are induced to

become hyporesponsive when constitutive NK cell activation

signals are not matched by signals from inhibitory MHC-I recep-

tors (Fernandez et al., 2005). If inhibitory signals match activation

signals, NK cell function is maintained.

Implicit to both models is the assumption that NK cell educa-

tion requires an interaction of inhibitory receptors with MHC-I

ligand expressed on other cells. However, most inhibitory Ly49

NK cell receptors do not only bind MHC-I ligand expressed on

apposing cell membranes (in trans) but also associate with

MHC-I in the plane of the same cell (in cis) (Doucey et al.,

2004; Held and Mariuzza, 2008; Scarpellino et al., 2007). In

mature NK cells, cis association with H-2Dd (Dd) sequesters

Ly49A, and this restricts the number of receptors available for

functional interaction with Dd on target cells (Back et al., 2007).

This reduces the inhibitory capacity of Ly49A, which lowers the

threshold at which NK cell activation exceeds inhibition during

the encounter with target cells (Doucey et al., 2004; Held and

Mariuzza, 2008). On the basis of these findings, we tested

whether the recognition of MHC-I ligand in the plane of the NK

cells’ membrane played a role for NK cell education. Here, we

describe a Ly49A variant that binds Dd expressed on apposing

cell membranes but cannot interact with Dd in cis. Even though

this variant inhibited effector function, it failed to educate

NK cells. These data dissociate the classical inhibitory from

educating functions of Ly49A and suggest that cis interaction

of Ly49A is necessary for NK cell education.

RESULTS

The Inhibitory Ly49A Receptor Educates H-2Dd NK Cells
NK cells from C57BL/6 (B6) (H-2b) mice do not kill syngeneic

lymphoblast target cells. Upon the introduction of a H-2Dd (Dd)

transgene into B6 mice, NK cells acquire the capacity to kill

H-2b target cells (missing-Dd recognition) (Olsson et al., 1995)

(Figure 1A). When the Ly49A NK cell subset (approximately

15%–20% of NK cells) is removed, H-2bDd NK cells no longer

kill H-2b target cells (Figures 1A and 1D), in agreement with pub-

lished data (Olsson et al., 1995). Thus, Ly49A-positive NK cells

are educated in Dd hosts.

We next addressed whether NK cell education was mediated

by Ly49A, which represents the prototype Dd-specific inhibition

receptor (Karlhofer et al., 1992). To this end, we generated mice

transgenic (Tg) for the BALB allele of Ly49A (Klra2BALB/+),

which we backcrossed to B6 (H-2b) and to H-2b Dd Tg mice

(on a B6 background). In these mice, NK cells expressing the

Tg Ly49ABALB but not the endogenous Ly49AB6 receptor can

be identified with the use of monoclonal antibodies (mAbs)

(JR9+A1�) (Held et al., 1995) (Figure 1B). (Note that A1+ cells

coexpress both the endogenous Ly49AB6 and the Tg Ly49ABALB

receptor). The Ly49ABALB receptor from the Tg line #16 was
338 Immunity 30, 337–347, March 20, 2009 ª2009 Elsevier Inc.
expressed at somewhat higher levels as compared to the

endogenous Ly49AB6 or a Tg Ly49AB6 receptor (Figure 1B).

The Ly49ABALB receptor readily reacted with Dd multimers

although the binding was somewhat less efficient as compared

to the B6 allele of Ly49A (Figure 1B), as shown before (Mehta

et al., 2001). Nevertheless, the Tg Ly49ABALB inhibited NK cell

function in a Dd-specific fashion (Figure 1C), although its inhibi-

tory capacity was somewhat lower than that of Ly49AB6, consis-

tent with reduced Dd multimer binding.

To test whether the Tg Ly49ABALB receptor educated NK cells

in Dd hosts, we removed the NK cell subset expressing endoge-

nous Ly49A (approximately 15%–20%) by using mAb A1

(Figure 1D). As shown above, non-Tg H-2bDd NK cells, from

which the Ly49A subset (A1+) was depleted, did not kill H-2b

targets (Figure 1A). In contrast, H-2b targets were killed when

the corresponding NK cell population expressed a Tg Ly49ABALB

receptor (Figure 1E). Corresponding data were obtained with

a second Ly49ABALB Tg line (#9; data not shown). Therefore,

the Tg Ly49A receptor educated NK cells in Dd hosts, consistent

with a previous report (Kim et al., 2005).

An Interaction of Ly49A with Dd in trans Is Not Sufficient
to Educate NK Cells
Ly49A is constitutively associated with Dd in the plane of the NK

cells’ membrane (in cis) (Back et al., 2007; Doucey et al., 2004),

raising the question of whether the interaction of Ly49A with Dd in

cis plays a role for NK cell education. To address this issue, we

sought a Ly49A variant that interacted with Dd in trans but failed

to bind Dd in cis. Because Ly49A cis and trans binding use the

same binding site (Doucey et al., 2004), we hypothesized that

a reorientation of the ligand-binding domains and therefore flex-

ibility of the Ly49A stalk were essential for cis binding of MHC-I

ligand. Consequently, we replaced the Ly49A stalk region with

that of CD72, a homodimeric C-type lectin like receptor whose

stalk is longer than that of Ly49A and is predicted to adopt a rigid

a-helical coiled-coil structure (Beavil et al., 1992) (Figure S1A

available online). The ligand-binding domain of a Ly49A-CD72

chimera (designated Ly49-72A) should thus be forced to point

away from the NK cell membrane, thereby preventing an inter-

action with Dd in cis.

Initial experiments using stable transfectants showed that

wild-type Ly49A and a chimeric Ly49-72A receptor displayed

identical MHC-I binding specificity (Figure S1B). Both receptors

interacted with Dd in trans (Figures S1C and S1D) and efficiently

clustered at the interface with Dd-expressing cells (not shown).

However, unlike wild-type, ligand binding by the Ly49-72A

receptor was not influenced by Dd expression in cis (Figures

S1C and S1D). On the basis of these analyses, we generated

Tg mice expressing a Ly49-72ABALB receptor. The chimeric

receptor in Tg line #30 was expressed at somewhat lower

amounts as compared to the Tg Ly49ABALB (Figures 2A and

2C). Nevertheless, Dd multimer binding to Ly49-72ABALB was

on average 2- to 3-fold more efficient as compared to Ly49ABALB

(Figure 2B; Figure S2). Functional experiments using H-2b

effector cells showed that the Ly49-72ABALB receptor inhibited

NK-cell-mediated target cell lysis in a Dd-specific fashion (Fig-

ure 2C) whereby the inhibitory capacity of the chimeric Ly49-

72ABALB receptor was identical to that of wild-type Ly49ABALB
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Figure 1. The Ly49A Receptor Educates NK

Cells in Dd Hosts

(A) The lytic activity of cytokine-activated H-2b and

H-2b Dd NK cells, from which the Ly49A subset

was removed (A1-depleted), was tested against

H-2b lymphoblast target cells. Lysis of H-2b

targets (missing Dd recognition) is mediated by

the Ly49A NK cell subset of Dd mice.

(B) Density plots show gated (CD3�NK1.1+) NK

cells from control H-2b and from Tg mice express-

ing the Ly49ABALB or Ly49AB6 receptor that were

stained with mAb A1 (which is specific for the

C57BL/6 [B6] allele of Ly49A) and mAb JR9 (reacts

with both the B6 and BALB alleles of Ly49A). In

Tg mice expressing the Ly49ABALB receptor, A1+

cells express both the endogenous and the Tg

Ly49A receptor. Histograms show Ly49A expres-

sion (with mAb JR9) and Dd multimer binding. Plain

numbers indicate the percentage of cells in the

respective quadrant or gate; italicized numbers

indicate the mean fluorescence intensity (MFI) of

staining.

(C) The inhibitory capacity of the Tg Ly49ABALB

and Ly49AB6 receptors was determined by

comparison of the lysis of untransfected (top)

and Dd-transfected C1498 (H-2b) tumor target

cells (bottom) by cytokine-activated NK cells.

(D) Cytokine-activated NK cells from non-Tg and

Ly49ABALB Tg mice (H-2bDd background) were

purified by flow sorting, removing NK cells

expressing endogenous Ly49AB6 (mAb A1+).

Numbers indicate percentage of cells in the

respective quadrant.

(E) The lytic activity of cytokine-activated, flow-

sorted NK cells from H-2b and H-2bDd Ly49ABALB

Tg mice, depleted of the endogenous Ly49A

subset (A1-depleted), was tested against H-2b

lymphoblast target cells. On the basis of the lysis

of (Dd-negative) H-2b target cells, the Ly49A

receptor educates NK cells in Dd hosts.

Data in (A), (C), and (E) represent means ± stan-

dard deviation (SD) of triplicate determinations.
(Figure 2C). Thus, Ly49-72ABALB is a functional NK cell inhibition

receptor.

A series of experiments demonstrated that, unlike wild-type,

the stalk mutant receptor did not interact with Dd in cis. The

binding of Dd or Dk multimer to wild-type Ly49AB6 or Ly49ABALB

was substantially reduced when NK cells coexpressed Dd (Back

et al., 2007; Doucey et al., 2004) (Figure 2B, Figure S2, and data

not shown). This was due to receptor masking, because multi-

mer binding to wild-type Ly49A improved after acid-mediated

destruction of MHC-I complexes on living cells (Back et al.,

2007; Doucey et al., 2004; Scarpellino et al., 2007). In contrast,

Dd expression only minimally reduced multimer binding to

Ly49-72A (Figure 2B), and acid stripping did not enhance multi-

mer binding (Figure S2). Further, immunoprecipitation (i.p.) of

Ly49-72ABALB from T cell blasts did not result in Dd co-i.p.,

whereas Dd was readily detected upon i.p. of Ly49ABALB

(Figure 2D). Corresponding data were obtained with cytokine-

expanded NK cells (Figure S3). We conclude that the Ly49-72A

receptor does not measurably bind Dd expressed on NK cells

(in cis) whereas it can functionally interact with Dd expressed

on target cells (in trans).
We next tested whether the Tg Ly49-72ABALB receptor

educated NK cells. H-2bDd NK cells, from which the endogenous

Ly49A subset (A1+) was excluded, did not kill H-2b targets

(Figures 1A and 2E). Corresponding NK cell preparations

expressing the Tg Ly49ABALB receptor killed H-2b targets

(Figure 1E). In contrast, analogous NK cell preparations that

expressed the stalk mutant Ly49-72ABALB receptor did not lyse

H-2b target cells (Figure 2E). Identical results were obtained

with a second line of Ly49-72ABALB Tg mice (#26; data not

shown). Therefore, despite the fact that the stalk mutant Ly49-

72A receptor inhibited NK cell effector function, it did not

educate NK cells. These data showed that Ly49A-Dd trans inter-

action was not sufficient to educate NK cells, which suggested

a role for cis interaction in NK cell education.

It could be argued that the cell-surface expression of Ly49-

72ABALB (Figure 2B) was too low to educate NK cells. However,

functional experiments showed that wild-type and the stalk

mutant Ly49A receptor were equally inhibitory when NK cells

were derived from H-2b mice (Figure 2C). On the other hand,

wild-type Ly49A receptors were only weakly inhibitory on NK

cells from H-2bDd mice (Back et al., 2007; Doucey et al., 2004)
7, March 20, 2009 ª2009 Elsevier Inc. 339
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Figure 2. Ly49A-Dd trans Interaction Is Not Sufficient to Educate

NK Cells

(A) Density plots show gated splenic NK cells (CD3�NK1.1+) from non-Tg,

Ly49-72ABALB, and Ly49ABALB Tg mice (on a H-2b background) that were

stained with Ly49A mAbs JR9 and A1. Plain numbers indicate the percentage

of cells in the respective quadrant; italicized numbers indicate the MFI of

staining with Ly49A mAb JR9.

(B) Histograms show Ly49A expression (mAb JR9) and Dd multimer binding by

gated NK cells from non-Tg, Ly49-72ABALB, and Ly49ABALB Tg mice (on H-2b

and H-2bDd backgrounds). Numbers indicate the MFI of staining in the gated

region or for all cells. Dd expression does not reduce multimer binding relative

to the cell-surface levels of Ly49-72ABALB.

(C) The inhibitory capacity of the Ly49-72ABALB receptor was assessed in lysis

assays with cytokine-activated effectors against C1498 (left) and C1498 Dd

tumor target cells (right). Data represent means ± SD of triplicate determina-

tions. They show that Ly49-72ABALB is a functional Dd-specific inhibitory

receptor. Moreover, in contrast to Ly49ABALB, host Dd expression does not

reduce the inhibitory capacity of Ly49-72ABALB.

(D) Ly49ABALB and Ly49-72ABALB were immunoprecipitated (i.p.) from T cell

blasts derived from H-2b and H-2bDd mice with mAb JR9. Western blots
340 Immunity 30, 337–347, March 20, 2009 ª2009 Elsevier Inc.
(Figure 2C) because a considerable fraction of Ly49A receptors

were masked by cis Dd. In contrast, the stalk mutant Ly49-72A

receptor was strongly inhibitory even in NK cells from H-2bDd

hosts (Figure 2C). This lysis inhibition was Dd specific, given

that it was reversed by the blocking of Dd on target cells via

mAb (not shown). These data provided further functional

evidence that the Ly49-72ABALB receptor was not masked by

the NK cells’ Dd. In addition, they showed that in NK cells from

H-2bDd mice, the inhibitory capacity of the stalk mutant receptor

exceeded that of the wild-type receptor. Thus, despite efficient

inhibition of effector function in the relevant MHC-I background,

the stalk mutant receptor was not able to educate NK cells.

Finally, the lack of education by the Ly49-72A receptor could

be related to an impairment of NK cell development or matura-

tion. However, Ly49-72ABALB Tg mice (on a H-2b or a H-2bDd

background) contained a normal number of bone marrow (BM)

and spleen NK cells (Table S1), and several markers used to

follow NK cell development and maturation were expressed nor-

mally (Figure S4). Thus, the lack of NK cell education by the Ly49-

72A receptor was not related overt alterations of the NK cell

compartment. It was also not associated with changes in the

T cell compartment (Figure S5).

Unengaged Ly49A Dampens NK Cell Activation
The association of Ly49A with Dd in cis could improve NK cell

function in two fundamentally different ways: first, the associa-

tion of Ly49A with Dd in cis may induce functional NK cell matu-

ration. Alternatively, the expression of Ly49A in the absence of

MHC-I ligand (in H-2b mice) may dampen NK cell function.

When NK cells express Dd, the majority of Ly49A receptors are

stably sequestered (Back et al., 2007; Doucey et al., 2004).

This would quench suppression and consequently facilitate NK

cell activation. The first model requires that the receptor, which

normally inhibits the NK cells’ effector functions, have an addi-

tional function. The second model depends only on the inhibitory

function of the receptor, but this should occur even in the

absence of MHC-I ligand in trans.

According to the first model, the presence of Ly49A-Dd cis

complexes should induce efficient functional NK cell maturation.

However, as compared to H-2bDd controls, in which approxi-

mately 15% of NK cells were Ly49A positive, Ly49A expression

by 100% of H-2bDd NK cells (in Klra2BALB Tg mice) did not result

in enhanced lysis of H-2b targets (Figure 1E). Next, we used

NK1.1 mAb-induced IFNg production as a single-cell readout

to determine the abundance of responsive NK cells (Kim et al.,

2005). Tg Ly49ABALB expression on all NK cells did not increase

the proportion of IFNg-producing NK cells as compared to

(WB) ensured equivalent Ly49A i.p and determined the extent of MHC-I asso-

ciation. To ensure that MHC-I (Dd) co-i.p. was due to cis association and not

due to ligand binding after cell lysis or ligand uptake from neighboring cells,

we artificially mixed and cocultured Ly49ABALB and Ly49-72ABALB Tg T cell

blasts (on a H-2b background) with H-2bDd blasts prior to lysis and Ly49A i.p.

(E) Short-term cytokine-activated NK cells from Ly49-72ABALB Tg mice (on

H-2b and H-2bDd backgrounds) were depleted of the endogenous Ly49A

subset (A1-depleted). Their lytic activity was tested against H-2b lymphoblast

(left) and C1498 tumor target cells (right). Data represent means ± SD of trip-

licate determinations. They data show that the Ly49-72ABALB receptor does

not educate NK cells.
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Figure 3. Ly49A Tg Expression in the

Absence of Dd Impairs NK Cell Activation

(A) Total spleen cells from control H-2b and

Ly49ABALB Tg H-2b mice either were not stimu-

lated (no) or were stimulated with immobilized

NK1.1 mAb (NK1.1) or PMA and ionomycin (P+I),

in the absence of cytokine addition. Gated

CD3�CD19�DX5+ NK cells were analyzed for

intracellular (ic) IFNg production. Numbers indi-

cate the percentage of cells in the respective

region.

(B) Spleen cells from the indicated strains of mice

were stimulated and then stained as described

above. Bar graphs depict the mean percentage

(±SD) of icIFNg-positive cells among gated

CD19�CD3�DX5+ NK cells. Statistical signifi-

cance of differences between non-Tg controls

and Tg NK cells were determined with the two-

tailed Student’s t test: ** p < 0.01; ns, not signifi-

cantly different (p > 0.05).

(C) The lytic activity of the indicated types of cyto-

kine-activated NK cells was tested against immu-

noblast target cells from b2 m-kock-out (KO) (top)

or KbDb-KO mice (bottom). Data points represent

means ± SD of triplicate determinations. NK cell

function is reduced when the Tg Ly49A is

expressed in the absence of host Dd.

(D) Spleen cells from non-Tg and Ly49-72ABALB Tg

mice on a H-2bDd or a H-2b background were

stimulated as described in (A). Bar graphs depict

the mean percentage (±SD) of icIFNg-positive

cells among gated CD19-CD3�DX5+ NK cells.

Statistical significance of differences between

non-Tg controls and Tg NK cells were determined

with the two-tailed Student’s t test: ** p < 0.01; ns,

not significantly different.
non-Tg H-2bDd controls (Figures 3A and 3B). Although our above

data have shown that Ly49A was necessary, these findings indi-

cated that Ly49A expression in the context of host Dd was not

sufficient for functional NK cell maturation.

The second model predicted that Ly49A expression in the

absence of MHC-I ligand dampened NK cell function. Consistent

with this thesis, the expression of Tg Ly49AB6 (not shown) or

Ly49ABALB receptors in H-2b mice reduced the fraction of

IFNg-producing NK cells as compared to non-Tg H-2b controls

(Figures 3A and 3B). This negative effect was specific for

receptor stimulation, because there was no difference when

NK cells were stimulated with phorbol 12-myristate 13-acetate

(PMA) and ionomycin (P+I) (Figures 3A and 3B). In addition, as

compared to H-2b controls, NK cells from Ly49AB6 Tg H-2b

mice were inefficient at killing b2 m-deficient (and consequently

MHC-I low) target cells (Figure 3C). Host Dd expression restored

efficient target cell lysis by NK cells expressing the Tg Ly49AB6

receptor (Figure 3C). Corresponding data were obtained with

NK cells expressing Tg Ly49ABALB (Figure 5C and data not

shown) and with target cells lacking Kb and Db (Figure 3C).

Thus, the inefficient lysis of b2 m-deficient targets was not due

to conventional NK cell inhibition via the recognition of free

MHC-I heavy chains. Rather, Ly49A expression in the absence

of host MHC-I ligand reduced NK cell function. This was restored

to normal by host Dd expression, which raised the possibility that

Ly49A-Dd cis interaction reversed a suppressive effect of unen-
gaged Ly49A. This possibility was further tested with NK cells

expressing the cis interaction-deficient Ly49-72A receptor. As

compared to H-2b littermates, Tg Ly49-72A expression strongly

reduced NK1.1-stimulated IFNg production (Figure 3D). In

contrast to wild-type Ly49A (Figure 3B), IFNg production was

not restored to normal when the Ly49-72A Tg was expressed

in Dd hosts (Figure 3D). Corresponding data were obtained

with a second line of Tg mice (#26; not shown). Unlike receptor

stimulation, the response of Ly49-72A NK cells to P+I was

normal (Figure 3D). These data support the view that the interac-

tion of Ly49A with Dd in cis facilitated NK cell activation by

reversing a suppressive effect of unengaged Ly49A.

We next assess whether endogenous MHC-I receptors simi-

larly influenced NK cell function. In non-Tg H-2b mice, the

Ly49C receptor, which is specific for self-MHC-I (predominantly

Kb), is coexpressed in part with Ly49A, which has no functional

MHC-I ligand in these mice (Dorfman and Raulet, 1996; Hanke

et al., 1999; Yu et al., 1996). Like Ly49A, Ly49C interacts with

its MHC-I ligand in cis (Kim et al., 2005; Scarpellino et al.,

2007). Upon NK1.1 stimulation, a substantial fraction of

Ly49C+A� NK cells from H-2b mice produced IFNg (16.5%)

(Figures 4A and 4B), in agreement with published data (Kim

et al., 2005). However, IFNg production by the small NK cell

subset coexpressing Ly49C and Ly49A was significantly

reduced (6.8%, p < 0.01) (Figures 4A and 4B). This difference

was observed over a range of NK1.1 mAb concentrations
Immunity 30, 337–347, March 20, 2009 ª2009 Elsevier Inc. 341
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(Figure S6) but was absent when NK cells were stimulated with

P+I (Figure S6; Figure 4B). Efficient IFNg production by

Ly49A+C+ cells was restored in NK cells from H-2bDd mice

(16.9%) (Figures 4A and 4B), where both Ly49 receptors

encounter a high-affinity MHC-I ligand. These data show that

the expression of an engaged Ly49 receptor may not be suffi-

cient to establish NK cell function. The coexpression of an

engaged with an unengaged (or even a weakly engaged

[Figure S7]) Ly49 receptor dampens NK cell activation. The pres-

Figure 4. Unengaged Endogenous Ly49A Receptor Impairs NK Cell

Activation

(A) Total spleen cells from H-2b and H-2bDd mice were stimulated with immo-

bilized NK1.1 mAb in the absence of cytokine addition. The density plot shows

gated CD3�CD19� splenocytes that were subdivided according to Ly49C

(mAb 4D12) and Ly49A (mAb JR9-318) expression into Ly49C+A� (R1),

Ly49C+A+ (R2), and Ly49A+C� (R3) subsets. Histograms show intracellular

(ic) IFNg production by the indicated subset derived from H-2b (left) and

H-2bDd mice (right). Numbers indicate the percentage of cells in the respective

gate.

(B) The bar graph shows the mean percentage (± SD) of icIFNg+ cells in the

indicated NK cell subpopulation from b2 m-deficient (b2 m-KO), H-2b, and

H-2bDd mice that either were not stimulated (no) or were stimulated with immo-

bilized NK1.1 mAb (NK1.1) or with PMA and ionomycin (P+I). Statistical signif-

icance of differences between Ly49C+A� and Ly49C+A+ subsets were deter-

mined with the two-tailed Student’s t test: ** p < 0.01; ns, not significantly

different (p > 0.05).
342 Immunity 30, 337–347, March 20, 2009 ª2009 Elsevier Inc.
ence of MHC-I ligand for both receptors is needed for proper NK

cell function.

Basis for NK Cell Suppression by Unengaged Ly49A
Similar to the inhibition of NK cell effector function, the suppres-

sive effect of unengaged Ly49A may be mediated via the cyto-

plasmic immunoreceptor tyrosine-based inhibition motif (ITIM)

(Nakamura et al., 1997). However, tyrosine phosphorylation

was below detection, even when Ly49A mediated classical

Dd-dependent NK cell inhibition (data not shown). We thus chose

a genetic approach and generated Tg mice expressing a Ly49A

variant in which the critical tyrosine residue in the ITIM was

mutated to phenylalanine (termed Ly49A Y8F).

Mice expressing a Tg Ly49ABALB Y8F receptor (line #15) con-

tained normal numbers of NK cells (Table S1), expressing several

differentiation and maturation markers normally (Figure S4). The

Tg Ly49ABALB Y8F receptor was expressed at an amount similar

to that of wild-type Ly49ABALB (Figure 5A) and did bind Dd multi-

mers with comparable efficacy (Figure 5A). Functional assays

showed that the Tg Ly49ABALB Y8F did not inhibit NK cell-medi-

ated lysis of Dd-expressing tumor cells (Figure 5B), confirming in

primary NK cells that the ITIM mediates the classical inhibitory

Ly49A function (Nakamura et al., 1997). Next, we tested whether

the unengaged Ly49A Y8F receptor suppressed NK cell func-

tion. As compared to H-2b controls, expression of wild-type

Ly49ABALB reduced the lysis of MHC-I-deficient blasts

(Figure 5C). In contrast, NK cells expressing the ITIM mutant

Ly49A receptor killed MHC-I-deficient blasts as efficiently as

non-Tg controls (Figure 5C). Corresponding data were obtained

with an independent line of Tg mice expressing a Y8F receptor

(line #11). Moreover, NK cells from littermate control and from

mice expressing the Tg Ly49ABALB Y8F receptor were equally

responsive to NK1.1 stimulation (not shown). We conclude that

unengaged wild-type Ly49A dampens NK cell function in an

ITIM-dependent fashion.

The above data suggested the possibility that Ly49A localized

to NK cell immune synapses with MHC-I-deficient target cells.

This was addressed by quantification of the extent of Ly49A

accumulation at the site of NK cell-target cell contact with

confocal microscopy. We compared the intensity of Ly49A stain-

ing at the interaction site to that of control gates on the same cell

(Back et al., 2007). NK cells, which did not contact other cells,

yielded a mean factor of Ly49A enrichment (MFE) close to 1, indi-

cating homogenous Ly49A cell-surface distribution in the

absence of cell-cell interaction. As expected, Ly49A accumu-

lated efficiently at immune synapses with Dd lymphoblasts, at

least when NK cells were derived from H-2b mice (MFE of

1.72). Ly49A recruitment was lower when Ly49A NK cells were

from Dd mice (MFE of 1.25) (Figures 6A and 6B). We have shown

before by using tumor targets that reduced Ly49A accumulation

at the latter NK cell synapse was due to receptor masking by Dd

expression in cis (Back et al., 2007).

We then determined whether Ly49A was detectable at NK

cell synapses with MHC-I-deficient lymphoblasts. Indeed, we

observed significant accumulation of Ly49A when NK cells

were from H-2b mice (MFE of 1.30) (Figures 6A and 6B). In

contrast, when NK cells were from H-2bDd mice, Ly49A

accumulation was not observed (MFE of 1.02). Consistent with

a MHC-I-independent function, Ly49A accumulated at the NK
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cell synapse even in the absence of a cognate MHC-I ligand on

target cells, provided Ly49A was not sequestered by cis Dd.

Ly49A Sequestration Improves NK Cell Function
The data show that unengaged Ly49A can suppress NK cell

function. They suggest that NK cell function is restored when

Dd sequesters Ly49A receptors. If so, artificial sequestration of

Ly49A in the plane of the NK cells’ membrane should be suffi-

cient to improve the function of mature NK cells.

As a surrogate for cis interaction, we incubated NK cells with

soluble Ly49A mAb (A1, JR9, or YEI) just prior to their activation

with immobilized NK1.1 mAb. Ly49A mAbs remained predomi-

nantly present at the NK cell surface and were not internalized

(data not shown). mAb binding of Ly49A spatially separated

from NK1.1 crosslinking substantially (2–3 fold) improved IFNg

production by Ly49C+A+ NK cells from H-2b mice (Table 1).

Ly49A mAb also improved (2–4 fold) IFNg production by Ly49A

NK cells that did not express Ly49C (Table 1). Conversely, there

were no nonspecific effects on Ly49C NK cells that lacked Ly49A

(Table 1). Additional controls, which did not alter the response of

Ly49A+ NK cells, included the addition of isotype-matched

control mAbs or the incubation with a mAb specific for the inhib-

Figure 5. NK Cell Suppression Is Mediated

via the Ly49A ITIM

(A) Histograms show gated NK cells (CD3�NK1.1+)

from ITIM mutant Y8F Ly49ABALB and wild-type

Ly49ABALB Tg mice stained with mAb JR9 or with

PE-labeled Dd multimer. Plain numbers indicate

the percentage of cells in the gated region. Itali-

cized numbers indicate the MFI of staining.

(B) The cytolytic activity of cytokine-activated

NK cell preparations from Ly49ABALB Y8F and

Ly49ABALB Tg mice (on a H-2b background) was

tested against C1498 (open circles) and C1498

Dd tumor target cells (filled circles). Ly49ABALB

Y8F does not mediate classical Dd-specific NK

cell inhibition.

(C) The cytolytic activity of cytokine-activated

NK cells from Ly49ABALB Y8F and Ly49ABALB

Tg mice (on a H-2b background) was tested

against b2 m-deficient immunoblast target cells.

In contrast to the wild-type Ly49ABALB, the Tg

Y8F receptor does not suppress NK cell function.

Data in (B) and (C) represent means ± SD of tripli-

cate determinations.

itory 2B4 receptor (Lee et al., 2004) (Table

1). The latter shows that not all inhibition

receptors improve NK cell responsive-

ness upon mAb binding in cis. Moreover,

Ly49A mAbs had no effect in the absence

of NK1.1 stimulation, demonstrating that

Ly49A engagement alone does not stimu-

late IFNg production directly. Finally,

when Ly49A mAb (A1 or JR9) was immo-

bilized together with NK1.1 mAb (to

mimic receptor coengagement in trans),

we observed the expected inhibitory

effect on IFNg production by Ly49A NK

cells (Table 1). Thus, co-crosslinking of

Ly49A and NK1.1 inhibits, whereas Ly49A sequestration

improves, NK1.1-induced IFNg production. These data suggest

that the function of mature NK cells can be enhanced when

certain inhibitory NK cell receptors are spatially separated from

the engagement of activating NK cell receptors. The sequestra-

tion of Ly49A, which is normally mediated by Dd expression in

cis, is thus essential for efficient NK cell function.

DISCUSSION

On the basis of our previous finding that inhibitory Ly49A can

interact not only with Dd ligand on other cells (in trans) but also

with Dd expressed in the plane of the same membrane (in cis)

(Back et al., 2007; Doucey et al., 2004), we tested whether both

types of interaction played a role for NK cell education. Unex-

pectedly, we found that Ly49A-Dd trans interaction was not suffi-

cient to educate NK cells. According to the disarming model

(Raulet and Vance, 2006), the ability of an inhibitory receptor to

bind MHC-I ligand in trans should be sufficient to neutralize

constitutive activation signaling and consequently maintain NK

cell reactivity. However, despite the fact that the stalk mutant

Ly49A receptor properly inhibited effector function, these NK
Immunity 30, 337–347, March 20, 2009 ª2009 Elsevier Inc. 343
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Figure 6. Accumulation of Ly49A at the NK

Cell Synapse in the Absence of Dd Ligand

(A) Ly49AB6 Tg NK cells (on H-2b and H-2bDd

backgrounds) were conjugated with CFSE-

labeled lymphoblasts from b2 m-deficient or

H-2bDd mice prior to fixation and staining with

Ly49A mAb (JR9). Images are maximum-intensity

projections of series of confocal acquisitions.

CFSE fluorescence is shown in green; Ly49A

staining is in red. The site of interaction is high-

lighted by arrowheads.

(B) The mean factor of enrichment (MFE) (±SD) of

Ly49A at the synapse was determined by compar-

ison of the intensity of Ly49A staining at the

contact site to that of control regions on the

same NK cell membrane, which did not make

contacts. MFE values greater than 1 indicate

Ly49A enrichment at the synapse. Unconjugated

NK cells were used to ensure that Ly49A distribu-

tion was even (MFE = 1) in the absence of cell-cell

contact. The number (n) of conjugates that were

quantified is indicated. Statistical significance of

Ly49A accumulation at contact sites as compared

to unconjugated NK cells was determined with the

two-tailed Student’s t test: ** p < 0.01; * p < 0.05

and ns, not significantly different (p > 0.05).

When H-2b NK cells are used, Ly49A significantly

accumulates at synapses with b2 m-deficient

targets.
cells were unable to kill target cells lacking Dd. In addition,

expression of endogenous inhibitory Ly49C should be sufficient

to ensure reactivity of H-2b NK cells. However, a subset of

Ly49C NK cells failed to respond efficiently to NK1.1 stimulation.

Thus, key findings of our study cannot be explained by disarming.

Notwithstanding, disarming can explain the nonreactivity of

NK cells developing in mixed MHC-I radiation BM chimeras

(Johansson and Hoglund, 2004; Wu and Raulet, 1997) or in

H-2b mice with mosaic expression of Dd (Ioannidis et al., 2001;

Johansson et al., 1997). Whereas Dd Tg B6 mice killed H-2b cells
in vivo and in vitro, Dd mosaic H-2b mice did not. The presence of

a sizeable population of Dd-negative host cells (of either hemato-

poietic or nonhematopoietic origin) abolished NK cell reactivity

to H-2b target cells even if NK cells expressed Dd themselves.

However, Ly49A+ Dd+ NK cells from Dd mosaic mice reacquired

reactivity to H-2b targets in vitro when Dd-negative host cells

were removed (Johansson et al., 1997) (A.C. and W.H., unpub-

lished data). These data suggested that the Dd-negative host

cells induced NK cell hyporesponsiveness (as opposed to the

elimination of reactive NK cells). Consistent with the disarming
Table 1. Ly49A Sequestration Improves NK1.1 Function

Percent icIFNg+ Cells

Immobilized mAb Soluble mAb n Ly49 C+ A� Ly49 C+ A+ Ly49 A+ C�

No No 4 0.4 ± 0.4 0.5 ± 0.4 0.4 ± 0.2

NK1.1 No 6 15.8 ± 3.2 6.7 ± 1.9 2.5 ± 0.9

No Ly49A (JR9) 3 0.2 ± 0.1 0.2 ± 0.2 0.9 ± 0.4

NK1.1 Ly49A (JR9) 4 15.4 ± 2.3 16.5 ± 6.3** 11.6 ± 3.9**

NK1.1 Ctrl (M2) 6 15.6 ± 4.2 6.6 ± 2.6 2.4 ± 1.6

NK1.1 Ly49A (A1) 4 16.2 ± 1.5 12.1 ± 3.6* 5.1 ± 1.2*

NK1.1 Ctrl (SF11.11) 3 15.2 ± 2.4 5.9 ± 1.2 2.7 ± 0.6

NK1.1 2B4 4 16.7 ± 2.7 6.2 ± 1.6 2.6 ± 0.8

NK1.1 Ly49A (YEI-48) 3 15.2 ± 3.0 16.4 ± 2.2** 8.5 ± 2.8*

NK1.1 Ctrl (TCR Vb2) 3 15.2 ± 5.4 5.4 ± 2.8 2.5 ± 0.7

NK1.1+ctrl (SF11.11) No 2 17.5 ± 1.2 7.1 ± 0.2 3.1 ± 0.4

NK1.1+Ly49A (JR9) No 3 15.8 ± 0.9 3.2 ± 0.9* 0.9 ± 0.2**

NK1.1+Ly49A (A1) No 3 12.0 ± 1.4 0.6 ± 0.4** 0.2 ± 0.1**

Significant differences between anti-Ly49A treatment as compared to the corresponding isotype controls are indicated: *, p < 0.05; **, p < 0.01. Ctrl

denotes isotype-matched control.
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model, continuous Ly49A trans interaction seems to be needed

to maintain NK cell reactivity. Importantly, these data do not rule

out a model in which NK cells interacting with Dd are educated

yet subsequently inactivated as a result of interactions with cells

lacking Dd. Evidence that educated NK cells can be rendered

hyporesponsive was recently reported (Coudert et al., 2008; Tri-

pathy et al., 2008). These data and our findings can be reconciled

by the above-mentioned two-step process, in which Ly49A NK

cells interacting with Dd gain functional competence, which

then needs to be maintained through classical inhibitory

Ly49A-Dd trans interactions. Our data indicate that it is an inter-

action of Ly49A with Dd in cis that educates NK cells (i.e., renders

activation receptor functionally competent). If trans interactions

are needed to maintain the NK cells’ functional competence,

this explains why trans interaction is necessary but not sufficient

to obtain reactive NK cells. Our data separate the role of Ly49A

for the inhibition of effector function from a role for NK cell

licensing.

How do NK cell activation receptors gain functional compe-

tence? We obtained evidence that the expression of a Tg

Ly49A receptor in the absence of host Dd exerted a negative

effect on the abundance of educated NK cells. A negative effect

of nonengaged Ly49A was confirmed with endogenous Ly49

receptors. The expression of ligandless Ly49A reduced IFNg

production by NK cells expressing the engaged Ly49C receptor.

NK cell function was restored when both receptors were

engaged. Similarly, the reduced function of NK cells expressing

wild-type Klra2 transgenes was improved by host Dd expression.

In contrast, a similar negative effect of the stalk mutant receptor

could not be reversed by host Dd expression, implying that cis

interaction was important for improving NK cell function. Unen-

gaged Ly49 receptors thus play a substantial role in dampening

NK cell function, and this effect is reversed by host MHC-I ligand

expression in cis.

A role of unengaged Ly49 receptors shows striking similarities

to the role of inhibitory sialic acid binding Ig-like lectin (Siglec)

family receptors on B cell activation. Siglec-2 (CD22) is (directly

and/or indirectly) associated with the B cell receptor (BCR) via its

binding of a2-6-linked sialic acids in the plane of the B cell

membrane (Razi and Varki, 1998). BCR stimulation results in

the phosphorylation of ITIMs present in CD22, which dampens

BCR signaling even when CD22 is not co-crosslinked via mAb

(Varki and Angata, 2006). The dissociation of CD22 from the

BCR is sufficient to improve B cell activation (Doody et al.,

1995; Kelm et al., 2002). Likewise, we observed a positive effect

on NK1.1 function when Ly49A was bound separately via mAb.

Therefore, when Ly49A is not associated with Dd in cis, it may

instead associate (directly, indirectly, or inducibly) with NK cell

activation receptors. Proximity of Ly49A may be sufficient to

negatively influence the function of NK cell activation receptors.

Consistent with this hypothetical lateral association with addi-

tional cell-surface molecules, Ly49A was enriched at NK cell

synapses with target cells lacking MHC-I ligand. Similar obser-

vations have been reported for KIR2DL3 (Vyas et al., 2004). Irre-

spective of the precise basis, NK cells and B cells seem to use

inhibitory receptors to tune activation thresholds on the basis

of the expression of relevant ligands in cis.

The identification of a unique function of inhibitory MHC-I

receptors may be of use to modulate NK cell responses. We
provide evidence that the sequestration of nonengaged inhibi-

tion receptors can be exploited to improve NK cell function.

Conversely, the dissociation of receptor-ligand complexes in

the plane of the NK cells’ membrane may be used to dampen

unwanted NK cell reactions.

EXPERIMENTAL PROCEDURES

Mice

Ly49AB6 Tg (Held et al., 1996), H-2b Dd Tg (Ioannidis et al., 2001), and H-2b Dd

(D8) Tg (Ohlen et al., 1989) or H-2KbDb-deficient Dd (D8) Tg mice (Johansson

et al., 2005) have been described before. C57BL/6 (B6) and b2 m-deficient

B6 mice were from the Jackson Lab. H-2KbDb-deficient mice were kindly

provided by F. Lemonier (Institut Pasteur, Paris, France). Animal experimenta-

tion followed protocols approved by the Service Vétérinaire de l’Etat de Vaud.

Transgene Constructs

The stalk region of Ly49ABALB (Held et al., 1995) (amino acids 67–134) was

replaced via sequential PCR with the stalk region from CD72b (amino acids

117–229) (amplified by PCR from B6 B cell cDNA). The tyrosine at position 8

in Ly49ABALB was replaced by phenylalanine (Y8F) via PCR. The constructs

were sequenced to ensure the absence of PCR errors. Complementary

DNAs were subcloned into a modified pHSE transgene cassette (Pircher

et al., 1989). Constructs were injected into fertilized (B6 3 DBA/2)F1 x B6)

oocytes. Tg lines were established by backcrossing to B6 (H-2b) or Dd Tg B6

mice. For the experiments shown here, Ly49AB6 Tg mice were B6 backcross

(bc) more than 10 times, Ly49ABALB and Ly49-72ABALB Tg mice were B6 bc

4–6, and Ly49ABALB Y8F Tg mice were B6 bc 2–5. All mice used were homo-

zygous for NK and H-2 complexes of B6 origin.

Flow Cytometry

Nylon wool nonadherent splenocytes were incubated with mAb 2.4G2 (CD16/

32) hybridoma supernatant before staining with mixtures of NK1.1-PE, CD3-

CyChrome (-Cy), JR9-318 (JR9) FITC (Ly49A), biotinylated mAb A1

(Ly49AB6), or 4D12 (Ly49C, E). Note that in adult mice, very few NK cells

(1%) express Ly49E (Van Beneden et al., 2001). For simplicity, we refer to

this mAb as Ly49C specific. Alternatively, NK1.1-PE and CD3-Cy were used

in conjunction with PE-labeled MHC-I multimers. Biotinylated mAbs were re-

vealed with streptavidin allophycocyanine (APC) (Molecular Probes, Eugene,

OR). Cells were analyzed on a FACSCalibur flow cytometer with CellQuest

software (Becton Dickinson).

For IFNg assays, total spleen cells (5 3 106/ml) were stimulated with plastic

immobilized NK1.1 (5 mg/ml) or NK1.1 plus JR9-318 mAb (5 mg/ml each) as

described (Kim et al., 2005) or with phorbol 12-myristate 13-acetate (PMA)

(50 ng/ml) and ionomycin (1 mg/ml). For receptor masking, splenocytes were

incubated with 10 mg/ml of mAb to Ly49A (A1 [mIgG2a], JR9 [mIgG1], or

YEI-48 [ratIgG2b]) or with isotype-matched control mAb (SF11.11 [anti-

H-2Kd, mIgG2a], M2 [anti-FLAG, mIgG1], or B20.6.5 [anti-TCR Vb2, ratIgG2a])

or with mAb to CD244 (2B4, mIgG2b). After washing, the cells were added to

NK1.1 mAb-coated plates. After 1 hr, Brefeldin A (Sigma) (10 mg/ml) was added

and the cells were further incubated for 9–10 hr. Cells were surface stained,

and IFNg production was determined by intracellular flow cytometry.

Cell Culture and Cytotoxicity Assays

Nylon wool nonadherent splenocytes were cultured in complete Dulbecco’s

modified Eagle’s medium (DMEM) plus 500 ng/ml rhuIL-2 (a gift from N. Rufer,

University of Lausanne). After 3 days, NK cells expressing the endogenous

Ly49AB6 (A1+) were depleted by flow sorting (resulting in more than 90%

pure CD3�NK1.1+ NK cell population containing less than 1% A1+ cells).

These cells were used as effectors 1 day later. Alternatively, nonadherent

and/or plastic-adherent cells were harvested at day 3–5 and used as effectors.

Lymphoblasts were obtained by culturing spleen cells (2 3 106 cells/ml) in

DMEM plus 2.5 mg/ml ConA (Sigma, Buchs, Switzerland). After 2 days, dead

cells were removed by Ficoll density-gradient centrifugation (Pharmacia,

Uppsala, Sweden). Blasts were used as target cells in standard Cr-release

assays as described (Doucey et al., 2004). C1498 and C1498 Dd-transfected

tumor cells have been described (Doucey et al., 2004).
Immunity 30, 337–347, March 20, 2009 ª2009 Elsevier Inc. 345



Immunity

Ly49A cis Interaction and NK Cell Education
Confocal Microscopy

Lymphoblasts were labeled with CFSE and mixed with NK cells, centrifuged,

and incubated for 8 to 10 min at 37�C. After gentle resuspension, conjugates

were adhered to poly-L- or poly-D-lysine-coated slides for 1–2 min and fixed

for 10 min with cold acetone. Slides were stained with mAb JR9 followed by

Alexa568-conjugated goat-anti mouse IgG (Molecular Probes). Confocal

microscopy and image quantification have been described (Back et al.,

2007). For image acquisition and quantification, the investigator was blinded

to the identity of the samples.

Immunoprecipitation

Experiments were performed as described before (Doucey et al., 2004).

Statistical Analysis

All p values were determined with a two-tailed Student’s t test with equal

sample variance. Data sets were considered significantly different when

p < 0.05.

SUPPLEMENTAL DATA

Supplemental Data include seven figures and one table and can be found with

this article online at http://www.immunity.com/supplemental/S1074-7613(09)

00098-3.
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