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RESEARCH ARTICLE

IMMUNOLOGY

Confinement of Activating Receptors at the Plasma
Membrane Controls Natural Killer Cell Tolerance

Sophie Guia,>** Baptiste N. Jaeger,'>3* Stefan Piatek,'>® Sébastien Mailfert,'>3
Tomasz Trombik,'>® Aurore Fenis,">? Nicolas Chevrier,"?>*! Thierry Walzer,'>3*
Yann M. Kerdiles,'>* Didier Marguet,'>3 Eric Vivier,">3%¢ Sophie Ugolini'?3$

Natural killer (NK) cell tolerance to self is partly ensured by major histocompatibility complex (MHC)
class I-specific inhibitory receptors on NK cells, which dampen their reactivity when engaged. How-
ever, NK cells that do not detect self MHC class | are not autoreactive. We used dynamic fluorescence
correlation spectroscopy to show that MHC class I-independent NK cell tolerance in mice was asso-
ciated with the presence of hyporesponsive NK cells in which both activating and inhibitory receptors
were confined in an actin meshwork at the plasma membrane. In contrast, the recognition of self MHC
class | by inhibitory receptors “educated” NK cells to become fully reactive, and activating NK cell
receptors became dynamically compartmentalized in membrane nanodomains. We propose that the
confinement of activating receptors at the plasma membrane is pivotal to ensuring the self-tolerance of

NK cells.

INTRODUCTION

How tolerance to self is ensured while mounting a protective response is a
central issue for the organization of the immune system. Most of our present
understanding of immune tolerance is based on the dissection of the mech-
anisms at work in T and B cells (/); however, the molecular pathways that
ensure tolerance in innate immunity are still poorly understood. Natural kill-
er (NK) cells are effector and regulatory lymphocytes of the innate immune
system that contribute to tumor surveillance, hematopoietic allograft re-
jection, control of microbial infections, and pregnancy (2, 3). NK cells
can be cytotoxic and secrete an array of cytokines and chemokines, such
as interferon-y (IFN-y) and B-chemokines. Hence, the effector functions
of NK cells must be tightly controlled to avoid immunopathology. The ac-
tivation of NK cells is regulated by a large number of cell surface receptors,
including activating receptors, inhibitory receptors, and adhesion molecules
(4). Upon interaction with neighboring cells, the integration of these path-
ways governs the effector functions of NK cells (5, 6).

Self-tolerance of NK cells involves the dampening of their effector
function through the recognition of self molecules constitutively expressed
on interacting healthy cells by inhibitory receptors on the surface of NK
cells. A prototypical example of this mode of recognition resides in the de-
tection of self major histocompatibility complex (MHC) class I molecules
through inhibitory killer cell immunoglobulin-like receptors (KIRs) in
humans and their functional inhibitory Ly49 homologs in the mouse
(4, 7, 8). In addition to sensing some microbial molecules, NK cells sense
an array of self molecules, which are low in abundance or absent under
normal conditions, but are increased in abundance under stressful con-
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ditions, such as microbial infections, tumor transformation, and the physical
or chemical insults that can activate the DNA damage response (9). Thus,
NK cells spare healthy cells that have self MHC class I molecules and low
amounts of stress-induced self molecules, whereas NK cells selectively kill
target cells “in distress,” which have lower amounts of MHC class I mole-
cules (“missing self”’) and higher amounts of stress-induced self molecules,
such as NKG2D (NK group 2-D) ligands, at the cell surface (9).

NK cells undergo maturation to acquire full competence as effector cells.
The detection of self MHC class I through MHC class I-specific inhibitory
receptors has a dual role: It controls the reactivity of NK cells at the immu-
nological synapses (contact points) formed between NK cells and the cells
with which they interact, and it is also involved in the education of NK cells
to recognize cells with low amounts of MHC class I at the surface. This
process of education was also referred to as “licensing,” “arming/disarming,”
or “tuning” by some investigators (/0—15). In humans and mice, several
KIR and Ly49 genes encode inhibitory receptors that recognize specific
groups of MHC class [ allele products (16). KIR and Ly49 genes are poly-
morphic, inherited through the germline, and segregate independently of
their MHC class I ligands. These genetic features and the variegated ex-
pression of KIR and Ly49 molecules lead to the generation of a fraction
of NK cells that do not have inhibitory receptors for self MHC class I mol-
ecules in humans and mice (0, 12). Thus, all NK cells are not kept in check
by self MHC class I molecules, a condition that is exacerbated in MHC
class I-deficient patients and mice (/4, 15). In T and B cells, negative se-
lection ensures the active death of autoreactive cells (/). In contrast, NK
cells lacking inhibitory receptors specific for self MHC class I molecules,
which could be potentially autoreactive, are tolerant to self because they are
rendered hyporesponsive to stimulation through multiple activating recep-
tors that are involved in the detection of target cells, such as NKp46,
NKG2D, or mouse NK1.1 (74).

Mouse Ly49 and human KIR MHC class I-specific inhibitory receptors
mediate their inhibitory function through cytoplasmic immunoreceptor
tyrosine-based inhibition motifs (ITIMs) that, in response to tyrosine phos-
phorylation, recruit the protein tyrosine phosphatases Src homology 2
(SH2) domain—containing protein tyrosine phosphatase 1 (SHP-1), SHP-2,
or both (5, 6). Through SHP-1, the engagement of KIR stimulates the de-
phosphorylation of the guanine nucleotide exchange factor Vav1, which
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leads to the inactivation of Racl (/7). The KIR signaling pathway also in-
duces the phosphorylation of the adaptor Crk, which leads to a block in
actin-dependent processes, such as reorganization of the actin cytoskeleton
or accumulation of lipid rafts at the immunological synapse (18).

Despite this knowledge, the MHC class I-independent mechanisms that
control the hyporesponsiveness of NK cells and, conversely, the mecha-
nisms at work in the MHC class I-dependent education of NK cells are still
obscure (19). Here, we addressed these issues with several complementary
mouse models to compare NK cells that did not undergo MHC class I-
dependent education (which are referred to as hyporesponsive NK cells)
and NK cells that were educated through the detection of self MHC class
I through inhibitory receptors (which are referred to as competent NK cells).
NK cells from MHC class I-deficient mice (K°DPKO mice) were the source
of hyporesponsive NK cells. These cells were compared to those from wild-
type CS7BL/6 mice, in which most NK cells (around 85%) are competent
(12). We also took advantage of a humanized transgenic mouse model that
we recently described, in which all of the NK cells are rendered competent
through the engagement of a single human inhibitory KIR by its cognate
ligand HLA-Cw3 (KPDPKO-TgKIR/HLA mice) (20). The use of these
transgenic mice revealed that NK cells could be reprogrammed to recognize
the absence of self TgHLA and to control the development of mouse syn-
geneic tumors in vivo (20). This transgenic model also represents a powerful
tool to overcome the complexity of the NK cell population in wild-type
mice. Indeed, mouse inhibitory receptors are not uniformly expressed on
NK cells, and inhibitory Ly49 receptors have various affinities for their
H-2 ligands, which leads to a heterogeneous population of NK cells that
are not rendered equally competent by education with self MHC class I mol-
ecules (17). In contrast, in the K’DPKO-TgKIR/HLA model, mouse MHC
class I molecules are absent, but all of the cells have the human MHC class I
molecule HLA-Cw3. In addition, all of the NK cells uniformly express
KIR2DL3. The entire NK cell population can thus be educated through the
interaction between KIR2DL3 and its ligand HLA-Cw3. We combined the use
of these mouse models and the nanoscopic analysis of the mobility of surface
receptors below the optical diffraction limit to show that the engagement of
inhibitory receptors regulated the ultrafine, cell-membrane organization of ac-
tivating receptors, providing a key mechanism for MHC class I-dependent
NK cell education and MHC class I-independent NK cell tolerance.

RESULTS

NK cell education affects proximal signaling

To assess NK cell responsiveness, we stimulated NK cells freshly isolated
from wild-type, K’D’KO, K’DPKO-TgKIR/HLA, and K"D°KO-TgKIR
mice in vitro with monoclonal antibody (mAb) against NK1.1 (NK1.1
mAb). We chose NK1.1 (Ki/rbI) because it is an activating receptor that
was uniformly expressed on all NK cells from our mice (Fig. 1A), and this
experimental design enabled us to assess the intrinsic responsiveness of NK
cells without interference from ligands potentially expressed on target cells.
We stimulated cells for 4 hours with plate-bound NK 1.1 mAb and measured
single-cell production of IFN-y by multiparametric flow cytometry. At the
population level, NK cells from K°DPKO and KbDbKO-TgKIR mice were
less responsive to stimulation of NK1.1 relative to NK cells from wild-type
and K°DPKO-TgKIR/HLA mice, respectively (Fig. 1B). In addition to this
reduction in the percentage of IFN-y" NK cells, NK cells from K®D°KO and
KbDbKO-TgKIR mice were also less responsive to NK1.1 stimulation as
exhibited by the decrease in IFN-y mean fluorescence intensity (MFI)
among IFN=y" cells in K®D°KO and K’DPKO-TgKIR cells relative to wild-
type and K°D*KO-TgKIR/HLA NK cells, respectively (Fig. 1B). Data ob-
tained from experiments with K°D°KO-TgHLA mice were comparable to

that obtained from experiments with KbDbKO-TgKIR mice, ruling out the
contribution of any potential HLA-Cw3—dependent, but KIR-independent,
mechanisms in the reactivity of NK cells from K°DPKO-TgKIR/HLA
mice.

The cell surface abundance of KLRG1 (killer cell lectin-like receptor
subfamily G member 1), a cadherin-specific inhibitory receptor, is de-
creased in the population of NK cells raised in an MHC class I-deficient
background compared to that in wild-type NK cells (27). Although ex-
periments with KLRG1-deficient mice revealed that this receptor is not re-
quired for the regulation of NK cell function (22), we used KLRG1 as a
marker and observed that the percentage of KLRG1" NK cells was also
decreased in hyporesponsive NK cells from K?DPKO-TgKIR mice relative
to that of NK cells from KbDbKO-TgKJR/HLA mice (Fig. 1B). Together
with our earlier in vitro and in vivo data (20), these results suggest that
NK cells from K®D’KO-TgKIR/HLA mice behaved similarly to those from
wild-type mice, reinforcing the relevance of the side-by-side comparison
between NK cells raised in wild-type and NK cells raised in K°"DPKO mice
and between NK cells from K°D’KO-TgKIR/HLA and NK cells from
K°DPKO-TgKIR mice.

To determine whether NK cell hyporesponsiveness affected the early
phases of NK cell activation, we examined calcium (Ca") flux in response
to NK1.1 mAb in NK cells from wild-type, K’D’KO, K’DPKO-TgKIR/HLA,
and K®D°KO-TgKIR mice. The NK1.1-induced Ca** response was blunted
in K°DPKO NK cells relative to that of wild-type NK cells (Fig. 1C). This
impaired Ca®" response was also observed in K?DPKO-TgKIR NK cells
when compared to K’DPKO-TgKIR/HLA NK cells (Fig. 1C). We obtained
similar results in experiments in which we stimulated NKG2D (fig. S1). As
a control, ionomycin, which bypasses cell surface receptors, led to strong and
equivalent Ca®* responses in NK cells from all of the mouse strains (Fig. 1C).
Thus, the mechanisms involved in establishing MHC class I-independent
NK cell tolerance had an effect on the proximal signaling pathways that
are engaged downstream of various activating cell surface receptors.

Effect of education on the NK cell transcriptional program
We next performed pan-genomic microarray analysis to compare the tran-
scriptional profiles of sorted populations of hyporesponsive and competent
NK cells. To increase the likelihood of identifying genes involved in the
effect of host MHC class I on NK cell reactivity, we compared wild-type
NK cells to NK cells isolated from two different MHC class I-deficient
mice, K°DPKO and p2mKO (tables S2 and S3). We conducted a similar anal-
ysis of NK cells isolated from K?DPKO-TgKIR/HLA and K’DPKO-TgKIR
mice (table S1). To avoid potential confounding effects induced by the trans-
genic and knockout models themselves, we focused on the genes present in
all three gene lists. A single gene, Klra6, was differentially expressed (by a
factor of at least 1.7) between hyporesponsive NK cells (that is, K°D’KO,
B2mKO, and K°DPKO-TgKIR cells) and responsive NK cells (that is,
wild-type and K°DPKO-TgKIR/HLA cells) (Fig. 2A). Klra6 encodes the in-
hibitory Ly49F receptor, and Klra6 mRNA was increased in abundance
in hyporesponsive NK cells relative to responsive NK cells. This transcrip-
tional modification was confirmed by reverse transcription—quantitative
polymerase chain reaction (RT-qPCR) analysis, which revealed a factor
of 1.7 increase in Klra6 mRNA abundance in K®D°KO NK cells relative to
wild-type cells, a factor of 1.5 increase in f2mKO NK cells relative to wild-
type cells, and a factor of 3.5 increase in K®D°KO-TgKIR NK cells relative
to K°D°KO-TgKIR/HLA NK cells.

NK cell education skews the Ly49 repertoire

Ly49F is an inhibitory receptor encoded in the mouse NK gene locus, which
includes genes encoding Ly49A, Ly49C, Ly49D, Ly49G2, Ly49H, and
Ly49I in C57BL/6 mice (23). Of these, only Ly49C and Ly491I strongly re-
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cognize the MHC class I molecule H2-K® (23, 24), whereas Ly49A is
thought to weakly interact with H-2D® molecules (25). Ly49F may weakly
recognize class I molecules encoded in the H-2¢ MHC haplotype, but no
ligands have been reported in the C57BL/6 background (24). Consistent
with the transcriptional data, we found that the frequency of Ly49F" NK
cells was increased in the hyporesponsive NK cell population relative to
the competent NK cell population, that is, when comparing wild-type NK
cells with K?DPKO NK cells or K°DP’KO-TgKIR/HLA NK cells with
K°DPKO-TgKIR NK cells (Fig. 2B and fig. S2). Given the homology be-
tween all of the Ly49 receptors, it was possible that the probe sets used in the
microarray analysis could not accurately distinguish between the receptors
to detect variations in their abundance. Thus, we directly investigated at the
protein level whether the cell surface expression of other Ly49 receptors was
different between the hyporesponsive and the competent NK cell popula-

tions. Ly49A, Ly49C/1, and Ly49G2 were also overrepresented in the hypo-
responsive NK cell population present in K®D°KO-TgKIR mice relative to
the competent NK cell population present in K®DPKO-TgKIR/HLA mice
(Fig. 2C and fig. S2). We observed a similar trend when we compared the
hyporesponsive NK cell population from K°DPKO mice with the competent
NK cell population from wild-type mice (Fig. 2C and fig. S2). The lower
extent of the effect observed between wild-type and K?DPKO mice relative
to that between K°D°KO-TgKIR and K°D°KO-TgKIR/HLA mice was like-
ly a consequence of confounding effects because of the interaction between
Ly49 and H-2° molecules, a situation that is avoided in K®DPKO-TgKIR
and K’DPKO-TgKIR/HLA mice.

Because the mouse NK gene locus also contains genes that encode ac-
tivating receptors, we investigated whether the increased abundance of Ly49
that we observed in the population of hyporesponsive NK cells was specific

Fig. 1. The education of NK cells affects A —_WT —— K*D"KO-TgKIR/HLA
proximal signaling. (A to C) Flow cytometric — K’D’KO — K'D’KO-TgKIR
analyS|sl of (A) NK1'.1 expression, (2B+) IFN-y 100 1394236 | 1% 1519 + 83
productlon,‘and (@) mtrapellular Ca ﬂu>§ of 80, 1325 81 80, 1346 + 86
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Data show the frequencies of IFN-y* NK
cells among the total NK cell population (left
panel) or the amount of IFN-y secretion
(MFI) per IFN-y* NK cell (middle panel).
MFI control values were calculated as the
average of the IFN-y MFI of IFN-y™ NK cells
from WT or KPDPKO-TgKIR/HLA mice. For
each experiment, these control values were
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(closed-headed arrow) to induce NK1.1 cross-linking. Bottom panels: Max-
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to inhibitory receptors. The abundance of the activating receptor Ly49H was
not modulated in the wild-type versus K°DPKO NK cells, nor did it differ
between K°D’KO-TgKIR/HLA and K’DPKO-TgKIR NK cells (Fig. 2D
and fig. S2). We observed a slight decrease in the percentage of Ly49D"
NK cells when comparing wild-type and K°DPKO NK cells, but this was
not confirmed in our second model (Fig. 2D and fig. S2).

An increase in the percentage of NK cells in the hyporesponsive popu-
lation that express each unbound Ly49 inhibitory receptor would be
expected to increase the probability that a single NK cell could express
multiple Ly49 inhibitory receptors. To test this, we analyzed the percentage
of cells that had zero, one, two, three, or four inhibitory receptors. Consistent
with our hypothesis, the percentage of NK cells that expressed more than
one inhibitory receptor was higher within the hyporesponsive NK cell pop-
ulation than within the population of wild-type NK cells (Fig. 2E). More-
over, the fraction of NK cells that did not express any Ly49 inhibitory
receptor was also reduced in the hyporesponsive NK cell population com-
pared to that in wild-type NK cells. Thus, in the absence of detectable MHC
class I molecules, NK cell tolerance was associated with the over-
representation of a hyporesponsive NK cell population that had unbound,
MHC class I-specific inhibitory receptors.

Fig. 2. The education of NK cells is asso- A
ciated with few alterations in the NK tran- WT
scriptional program and a skewing in the Vs
repertoire of Ly49 inhibitory receptors. (A) K'D’KO
Microarray analysis of sorted splenic NK

cells isolated from WT, K°D°KO, 2mKO,
KPDPKO-TgKIR/HLA, and K°D°KO-TgKIR

mice. The blue circle contains genes that

were differentially expressed, with a min-

imum of a factor of 1.7 change when com-

paring NK cells from WT mice with those

from KPDPKO mice. The green circle

shows differentially expressed genes witha  C 25 2260
minimum of a 1.7-fold change when com- 20

paring NK cells from WT mice to those
from B2mKO mice. The red circle shows dif-
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NK cells from K°D°KO-TgKIR/HLA mice
to those from KPDPKO-TgKIR mice. The in-
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siveness in our two experimental mouse models. In our flow cytometric
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and compared the percentages of IFN-y " cells in NK cell subsets that had or
did not have a given unbound Ly49 receptor. IFN-y" NK cells were enriched
in Ly49F NK cells, consistent with our earlier data (Fig. 3B). Similarly,
Ly49A" NK cells were less responsive than Ly49A™ NK cells (Fig. 3B).
In our analysis of K’DPKO-TgKIR/HLA mice, in which all of the NK cells
were educated through KIR-HLA interactions, we gated either on Ly49C/T"
(Fig. 3C) or on Ly49G2" NK cells (Fig. 3D) to exclude any potential con-
tamination by immature Ly49™ NK cells that could obscure the analysis. As
for wild-type mice, we found that the presence of Ly49F and Ly49A was
associated with a reduction in the percentage of IFN-y—producing cells
(Fig. 3C). The cell surface expression of unbound Ly49C/I was also asso-
ciated with NK cell hyporesponsiveness in K’D°KO-TgKIR/HLA mice

Fig. 3. Relationship between the expression A Control

(Fig. 3D). In contrast, the expression of Ly49G2 was not associated with
changes in NK responsiveness (Fig. 3, B and C). Thus, the expression of
unbound inhibitory Ly49 receptors was not equally associated with NK cell
hyporesponsiveness, suggesting that there was some degree of specificity in
the possible role of inhibitory receptors in the establishment of MHC class
I-independent NK cell tolerance.

To further test this point, we assessed the function of NK cells isolated
from transgenic mice expressing the human KIR2DL3 (TgKIR) on a wild-
type background (Fig. 3E). Because KIR2DL 3 selectively interacts with the
human HLA allele Cw3 (7), all of the NK cells in this mouse expressed an
unbound inhibitory receptor at their surface. Although the intensity of IFN-y
production per cell upon stimulation of NK1.1 (that is, the IFN-y MFI
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among IFN-y" cells) in TgKIR NK cells was lower relative to that in wild-
type NK cells, the percentage of IFN-y" TgKIR NK cells was comparable to
that of IFN-y" wild-type NK cells. Therefore, the transgenic expression of
an unbound inhibitory receptor was sufficient to dampen the reactivity of
NK cells, but not to an extent comparable to that induced under conditions
of MHC class I-independent tolerance.

NK cell tolerance is associated with the confinement of
activating receptors at the plasma membrane

Given that the overexpression of unbound inhibitory receptors did not fully
account for the hyporesponsiveness of NK cells and that the global mem-
brane density of activating receptors was identical in hyporesponsive and
competent NK cells, we sought to analyze the ultrafine organization of these
receptors at the membrane. Because of its sensitivity to low concentrations
of fluorescent molecules, its noninvasiveness due to low intensity of excita-
tion light requirement, and its data analysis robustness, the spot variable flu-
orescence correlation spectroscopy (svFCS) method was the most
appropriate approach to study the dynamic membrane confinement of sur-
face receptors in living cells (26—30). We therefore analyzed the dynamics
of the organization of inhibitory and activating receptors by measuring the
lateral diffusion, based on FCS analysis at different spatial scales of obser-
vation, of receptors present at the surface of hyporesponsive or competent
NK cells. The transit time 14 (that is, the average time that a fluorescent
molecule stayed within the focal volume of observation) was measured at
various focal volumes, which enabled us to plot the time-versus-area curve,
namely, the FCS diffusion law. This is based on the fact that if molecules
diffuse freely, one can expect that the average time (t4) that a molecule stays
in a defined area is strictly proportional to the area of observation. In most
situations in which diffusion is hindered, the FCS diffusion law no longer
fits this scheme (31, 32). When permeable nanodomains are present, mole-
cules partition dynamically into and out of the domains, the 14 increases
linearly with the area, and the intersection with the time axis (¢,) is positive.
In a meshwork model, barriers impede the diffusion of membrane compo-
nents. The molecules have a Brownian motion as long as they stay within
the same mesh. When the radius, w, of observation is significantly larger
than the size of the mesh, 14 is an affine function of w?, with extrapolated
to being negative and its absolute value correlating directly with the average
time that a molecule stays within a mesh.

We thus investigated whether the membrane confinement of inhibitory
Ly49 molecules and activating NK 1.1 proteins varied between hyporespon-
sive and competent NK cells. Because the increased abundance of Ly49C/1,
Ly49A, and Ly49F is associated with NK cell hyporesponsiveness, and
Ly49C/1 is the most represented Ly49 receptor (fig. S2), we restricted our
analysis to this inhibitory receptor. For Ly49C/I, we obtained similar 7y
values in wild-type and K?DPKO NK cells (—8.63 + 13.9 and —16.00 +
7.23 ms, respectively), which showed that the confinement of inhibitory
molecules at the NK cell membrane was unchanged regardless of the edu-
cational status of the cell (Fig. 4A). The negative 7, values suggested that this
confinement was mainly dependent on a meshwork organization. In con-
trast, the confinement of NK1.1 varied greatly between competent and
hyporesponsive NK cells. Indeed, NK1.1 had a ¢, value of 27.82 + 6.27 ms
in wild-type NK cells, whereas in K’DPKO NK cells, NK1.1 had a to of
—69.04 + 7.05 ms (Fig. 4B). To assess whether this difference was directly
linked to NK cell education, we studied the confinement of NK1.1 in NK cells
upon NK cell education induced by the KIR-HLA interaction. In K®DPKO-
TegKIR/HLA mice, the £, of NK1.1 was 33.22 + 7.75 ms (Fig. 4B). Thus,
NKI1.1 activating receptors were confined differently depending on the educa-
tional status of the cells, whereas Ly49 inhibitory receptors were similarly con-
fined in hyporesponsive and competent NK cells. That the ¢, values of NK1.1
were positive in competent NK cells and negative in hyporesponsive NK cells

suggested that the activating receptors were in nanodomains in competent NK
cells, but in meshwork structures in hyporesponsive NK cells.

Next, we analyzed the membrane localization of another activating re-
ceptor, NKp46, in both competent and hyporesponsive NK cells. To rule out
the possibility that the fluorescently labeled mAb fragments used to track
NKI1.1 or Ly49C/I receptors could interfere with our measurements, we
generated an NKp46 knock-in mouse model (NKLT) in which an
NKp46-enhanced green fluorescent protein (eGFP) fusion protein replaced
the endogenous NKp46 protein (Fig. 5A and fig. S3). The expression of
NKp46-eGFP corresponded to that of endogenous NKp46 (Fig. 5B). We
restricted our analysis to that of NKLT"" heterozygous knock-in mice to
limit the contribution of the autofluorescence associated with the cells, a
critical parameter for FCS measurements. The reactivity of freshly isolated
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Fig. 4. NK cell responsiveness is associated with a modification in the mem-
brane confinement of activating receptors. Receptor dynamics assessed by
svFCS on living NK cells. Cells were marked with either fluorescent Fab
against Ly49C/| or antibody against NK1.1. FCS diffusion laws were es-
tablished for each receptor on WT, K°D°KO, and K°DPKO-TgKIR/HLA cells,
and these were used to extrapolate the time intercept, f,. Data show the
means + SD from 11 to 23 measurements. (A and B) FCS diffusion laws of
Ly49C/l in WT and K°DPKO cells (A) and of NK1.1 in KPDPKO and K°DPKO-
TgKIR/HLA cells (B). The spot area corresponds to the section of membrane
that was excited by the laser beam.

www.SCIENCESIGNALING.org 5 April 2011 Vol 4 Issue 167 ra21 6

TT0Z ‘€ 1890190 uo 610" BewadusIIS 8IS WOol) papeojumod


http://stke.sciencemag.org

RESEARCH ARTICLE

ATG Stop
| | NKpdo/Nerl | WT
NKLT mice:
| | NKp46/Ncrl leGFP [Tag| NK_LAPTAG Knock.in
B CDI9™CD3~ CDI9”CD3~ D19~ cD3" D19~ cp3* D19~ CD3™
CDI9"  NKI.I"CDIlct NKI.I"CDIlc™ NKI.1- NKI.17F NKI1.17F
10° 1
100, 59¢-3 0 0.017 10 0.077 0.048
& 10’ 1 10019 o 1.52 0.16 1 1.35e-3 K 96.5
5 | L .
o 0 0.083 0.2 ] 0.042 0.014 e 0.76
0 10° 10° 10° 10° 0 10> 10° 10° 10° 0 10> 10° 10* 10° 0 10° 10° 10° 10° 0 10% 10° 10* 10° 0 10> 10° 10* 10°
L» NKp46
C NKp46 NKI.1 PMA-iono
254 e 100 -
» 40 A
?.3 20 4 30
v 30 4
15 4 60 A
z 20 ] mm NKLTY
J; 10 40 mmm K*'D"KO NKLT*
o5 10 20 1
®
0- 0 - 0 -
D -
mmm NKLT NKp46
120~ == K°D*KO NKLT*"
— K"D’KO NKLT*"
+ Latrunculin A
g
= 60
o
E
‘é 40
e g
S =}
5 =204
0_

0 T T T 1
0.1 02 03 0.4

Spot area (Um?)

Fig. 5. Effects of NK cell education on the confinement of activating receptors. (A) Representative scheme of
the NKp46 locus in NKLT mice. NKp46 was fused to eGFP and a localization and affinity purification tag
(LAP-TAG). (B) Expression of the NKp46-eGFP fusion protein in NKLT*~ mice. eGFP and NKp46 are
shown in B cell (CD19*), dendritic cell (CD19"CD3™NK1.1"CD11c"), lineage™, T cell (CD19"CD3*NK1.17),
NKT cell (CD19"CD3*NK1.1%), and NK cell (CD19"CD3 NK1.1*) types. (C) WT, NKLT*~, KPD°KO, and
KPDPKO NKLT*~ splenocytes were stimulated for 4 hours in vitro on plates coated with antibody against
NKp46 or antibody against NK1.1. Maximal cell responsiveness was assessed by stimulation with phorbol
12-myristate 13-acetate (PMA) and ionomycin (iono). Intracellular IFN-y production was measured in NK cells
(NK1.1*aquadead™ or NKp46*aquadead™). Data show the frequencies of IFN-y* NK cells. (D) Receptor
dynamics as assessed by svFCS on living NK cells. NKp46 was assessed directly by eGFP fluorescence.
FCS diffusion laws were established for NKp46 and used to extrapolate the time intercept (fy) in NKLT*~,
KPDPKO NKLT*~, and latrunculin A-treated KPDPKO NKLT*~ NK cells. Data show the means + SD from 11
to 23 measurements. Inset: t, values of NKp46 diffusion laws in NKLT*~, K°D°KO NKLT*~, and latrunculin
A-treated KPDPKO NKLT*~ NK cells.
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NKLT"™ NK cells was comparable to that
of wild-type NK cells (Fig. 5C), indicating
that the eGFP fusion protein did not affect
the activation of NK cells. NKLT mice were
then crossed onto a K?DPKO background
(K°DPKO NKLT ") to analyze the confine-
ment of NKp46 in the absence of MHC
class [-dependent education. NK cells from
K®DPKO NKLT"" mice were hyporespon-
sive upon stimulation of NK1.1 and NKp46
(Fig. 5C and fig. S4), confirming the validity
of this model.

We found that NKp46 was confined dif-
ferently at the membrane of competent
(NKLT"") and hyporesponsive (K°D°KO
NKLT"") NK cells. Indeed, NKp46 had a
fo value of 34.28 + 5.19 ms in NKLT"~
NK cells, whereas its 7, value decreased
t06.4+7.5ms in KD°KO NKLT"" NK cells
(Fig. 5D). Although NKp46 associated with
membrane nanodomains in NKLT™" cells,
consistent with the localization of NK1.1 in
wild-type cells, the extent of the contribu-
tion of a meshwork structure to the confine-
ment of NKp46 in hyporesponsive NK cells
was less than that to the confinement of NK1.1
in K’DPKO cells. Therefore, we assessed
the role of the actin cytoskeleton in the con-
finement of NKp46 in hyporesponsive NK
cells in experiments with latrunculin A, which
alters the actin-monomer subunit interface
and specifically disrupts the actin cyto-
skeleton by preventing its polymerization
(33). In K®DPKO NKLT™~ NK cells treated
with latrunculin A, the ¢, value of NKp46
was 51.8 + 6.4 ms, as opposed to 6.4 +
7.5 ms in untreated cells, indicating a major
contribution of the actin-cytoskeleton to the
confinement of this molecule at the mem-
brane of hyporesponsive NK cells (Fig.
5D). Thus, with two independent NK cell
receptors and two distinct strategies of fluo-
rescent labeling, we showed that MHC class
I-dependent NK cell education specifically
altered the dynamic distribution of activating
receptors at the plasma membrane. These re-
ceptors localized in nanodomains at the
membrane of competent NK cells, whereas
they were confined in actin-meshwork
structures in hyporesponsive NK cells.

DISCUSSION

Great efforts have been made to understand
the mechanisms of tolerance because loss of
self-tolerance is closely related to the devel-
opment of autoimmune diseases in animal
models and humans. However, the path-
ways that lead to the induction of tolerance
are not well elucidated, and the study of
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tolerance has been mostly restricted to investigations of T and B cells. Here,
we conducted a study to dissect the mechanisms that lead to NK cell toler-
ance when NK cells cannot detect self MHC class I molecules through

inhibitory receptors, as well as the mech-
anisms by which the detection of self
MHC class I through inhibitory receptors
educates NK cells to become competent.
The role of self MHC class I molecules in
the education of NK cells was initially re-
vealed by the hyporesponsiveness of NK
cells raised in MHC class I-deficient mice
relative to NK cells from wild-type mice
(34-36). It was later demonstrated that this
recognition of self MHC class I by inhib-
itory NK cell receptors governs the edu-
cation of NK cells in humans and mice
(10, 12, 37, 38). Here, we compared NK
cells from wild-type mice with those from
K°DPKO mice, NK cells from K’D’KO-
TgKIR/HLA mice with those of K°D°KO-
TgKIR mice, and NK cells from NKLT"~
mice with those of K°D’KO NKLT*~
mice to dissect the mechanisms responsi-
ble for the difference in NK cell reactivity
in MHC class I-sufficient and —deficient
backgrounds. Our results revealed that (i)
MHC class I-dependent education of NK
cells led to a skewing of the repertoire of
inhibitory Ly49 molecules in the NK cell
population, (ii) an increase in the abundance
of unbound inhibitory receptors was not
sufficient to fully account for the hypo-
responsiveness of NK cells, and (iii) the
membrane confinement of activating re-
ceptors was associated with NK cell toler-
ance and education. These results were
obtained from experiments with three
comparative pairs of mouse models, thus
reinforcing the relevance of our findings.
We found that the hyporesponsiveness
of the NK cell population was associated
with an increased frequency of NK cells that
expressed unbound MHC class I-specific
receptors. This overrepresentation of Ly49
receptors was specific to inhibitory recep-
tors because we observed no change in the
abundances of Ly49 activating receptors.
An increase in the frequency of NK cells
that expressed inhibitory CD94-NKG2A
heterodimers or KIR is observed in MHC
class I-deficient patients (39—42), and NK
cell education is thought to skew human
NK cell repertoires (43). These findings
are compatible with a model of NK cell de-
velopment through which inhibitory MHC
class I receptors are acquired sequentially
(44). If the first MHC class I receptor ex-
pressed by an NK cell does not encounter
its cognate ligand, then genes that encode
other inhibitory receptors are sequentially

potential inhibitory receptors for host MHC class I. Correspondingly, the

Educating cell

O

MHC class | [L

L-
MHC class |-specific V EDUCATION

inhibitory receptor

Educated NK cell

MHC class |

MHC class |-specific
inhibitory receptor

Hyporesponsive NK cell

Fig. 6. Model of NK cell education. Plasma membranes from competent (top) and hyporesponsive (bottom)
NK cells are schematically represented as yellow lipid bilayers with their extracytoplasmic (top layer) and
intracytoplasmic surfaces (bottom layer). In MHC class l-educated NK cells, activating receptors (green) are
confined in nanodomains (gray clusters), which are favorable zones for signaling. The lateral transport of
activating receptors from nanodomain to nanodomain is represented as a gray line. In contrast, inhibitory
MHC class I-specific receptors (red) are confined by a meshwork that is linked to the actin cytoskeleton
(intracytoplasmic, turquoise lines). The lateral transport of inhibitory receptors is represented as a turquoise
line at the surface of the plasma membrane. Cell surface receptors that are directly associated with the actin
cytoskeleton are represented in blue. In the absence of MHC class I-dependent education, activating NK
cell receptors (green) and inhibitory MHC class |-specific receptors (red) are confined in a meshwork that is
linked to the actin cytoskeleton (turquoise lines).
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expression of other inhibitory receptors. Our results thus favor the existence
of a positive selection process that occurs during the development of NK
cells, culminating in the preferential overrepresentation of NK cells that ex-
press inhibitory receptors specific for self MHC class 1.

The association of NK cell hyporesponsiveness with the over-
representation of NK cells that expressed unbound inhibitory receptors
prompted us to test whether these receptors were directly responsible. This
hypothesis was supported by data showing that unbound Ly49A can damp-
en the activation of NK cells (45). Our results showed that NK cells ex-
pressing the unbound inhibitory receptors Ly49A, Ly49C/I, and Ly49F
were indeed less reactive than were NK cells that did not express these re-
ceptors. The effect was particularly strong for Ly49F; however, we did not
observe any effect of Ly49G2. The molecular basis for the lack of associa-
tion of Ly49G2 with NK cell hyporesponsiveness remains unclear because all
of the Ly49 receptors are homologous. In addition, the transgenic expression
of unbound inhibitory KIR only partially recapitulated NK cell hyporespon-
siveness. The association of the expression of some, but not all, unbound in-
hibitory receptors and NK cell hyporesponsiveness could therefore result
from a selective membrane organization that would favor their inhibitory
function. Indeed, cell membranes show complex patterns of organization that
result from either lipid-dependent (nanodomains) or cytoskeleton-based
(meshwork) compartmentalizing forces (37).

Our nanoscopic analysis revealed that NK cell tolerance to MHC class |
deficiency, and hence NK cell education to detect missing self, was asso-
ciated with the confinement of activating receptors at the plasma membrane.
In hyporesponsive NK cells, inhibitory and activating receptors were con-
fined within an actin meshwork. In contrast, inhibitory and activating recep-
tors in competent NK cells were confined by distinct geometrical membrane
organizations; the former were diffused within a meshwork, whereas the
latter were partitioned within nanodomains. It is possible that the confine-
ment of activating and inhibitory receptors in the same membrane mesh-
work increases their likelihood of interacting with each other within the
plasma membrane. Indeed, ITIM-bearing MHC class I-specific receptors
require activating receptors to be in the vicinity to perform their inhibitory
function (46). This possibility is consistent with our data that showed the
association of the expression of unbound inhibitory receptors and NK cell
hyporesponsiveness. Conversely, the localization of activating receptors in
nanodomains of competent NK cells is consistent with the activation-prone
status of these membrane structures, which are sensitive to cholesterol and
sphingomyelin content, and are referred to as membrane rafts or islands
(47, 48). Thus, we propose a model in which the engagement of inhibitory
receptors specific for MHC class I regulates the confinement of activating
receptors at the plasma membrane and thereby controls NK cell tolerance
and education (Fig. 6).

The neutrophil Ly49Q receptor contributes, upon interaction with its
MHC class I ligands, to the formation of membrane rafts in an ITIM- and
SHP-2—dependent manner (49). The ITIM of Ly49A is critical in the
establishment of NK cell education, but SHP-1 is not mandatory (/3). Be-
cause inhibitory Ly49 receptors can recruit, upon tyrosine phosphorylation,
both SHP-1 and SHP-2 (50), it is possible that SHP-2 is involved in the
education of NK cells. Together, these findings support a model in which
the sustained engagement of inhibitory receptors specific for MHC class [
preferentially leads to the recruitment of SHP-2 and favors the association of
activating NK cell receptors in nanodomains that are more favorable zones
in which signaling can occur. An interruption in the triggering of inhibitory
receptors would disrupt this maintenance of membrane compartmentaliza-
tion. A continuous process of MHC class I-dependent education is con-
sistent with the role of cis interactions of inhibitory receptors with MHC
class I molecules (45). This scenario of NK cell education is also consistent
with our gene profiling experiments that revealed few transcriptional differ-

ences between populations of competent and hyporesponsive NK cells.
That NK cell education did not substantially alter the NK cell transcriptional
program favors NK cell plasticity. Thus, competent and hyporesponsive NK
cells might switch from one state to another. The plasticity of NK cell re-
sponsiveness could result from the constant detection of the amount of host
MHC class I molecules by inhibitory receptors. This possibility is supported
by data that showed that NK cells expressing inhibitory receptors can revert
from a hyporesponsive to a competent status upon exposure to cognate
MHC class I molecules (51, 52). Our findings thus position the cell surface
confinement of activating receptors as a pivotal element of NK cell educa-
tion, and they offer a different perspective on the role of ITIM-bearing re-
ceptors by showing that they can regulate the organization of the plasma
membrane and thereby control tolerance.

MATERIALS AND METHODS

Mice

All mice were from a C57BL/6J background and were bred and maintained
at the Centre d’ Immunologie de Marseille-Luminy (CIML) animal facilities
in specific pathogen-free conditions. K’DPKO mice were provided by
F. Lemonier (Pasteur Institute, Paris). K®DPKO-TgHLA-Cw3 (K°DPKO-
TgHLA), K’D’KO-TgKIR2DL3 (K’D’KO-TgKIR), K°DPKO-TgKIR/
HLA, and TgKIR2DL3 (TgKIR) transgenic mice were previously
described (20).

Generation of NKLT mice

A genomic fragment containing all NCR/ exons into a bacterial artificial chro-
mosome (BAC) clone (clone number RP23-106A10; Imagenes) was selected.
Through Red/ET cloning (Gene Bridges), a 6.6-kb fragment containing the
entire exon 7 of NCRI and centered on the stop codon was subcloned into
the low copy plasmid pACYC177 and flanked with Sal I sites. Briefly, the fol-
lowing primers containing 85-nucleotide (nt) homology with NCR1 were used
to amplify PACYC177 by PCR: 5'-AATATGATTAGAATATTGTATGCAATT-
CTCAATTAATAAAAATTTAAAAAAATGAAGCTAGTCCACACAA-
GTGTTTTCAATTGCAGTCGACGCGCTAGCGGAGTGTATACTGGC-3/,
and 5'-AATAAGAAAAGCAGCTGATAGAGTAAGCTAATTGAGTC-
TTTCAGTCCAATGCCAGATCTCTTTAGCATTTTGTGATACTAT-
GTCGACTGAAGACGAAAGGGCCTCGTG-3'. Restriction sites are
in bold, whereas sequences with homology to the plasmid sequence are un-
derlined. Competent DHS0 bacteria containing a plasmid encoding phage
recombinase and the BAC were transformed with the PCR product by elec-
troporation. Recombination events were screened by PCR. Next, we con-
structed a modification cassette in silico, consisting of an NKp46-tagging
cassette and a selection cassette flanked by two 500-nt arms homologous to
exon 7 of NKp46 exon 7, either upstream or downstream of the stop codon.
The tagging cassette was previously described (53), and it enables both the
localization and the affinity purification of modified proteins with two dif-
ferent tags and protease cleavage sites, which enables the elution of immu-
noprecipitated complexes. The tagging cassette consists of (in order) a
tobacco etch virus (TEV) protease cleavage site, the S-peptide (for affinity
purification), the PreScission protease cleavage site, and eGFP for both lo-
calization and purification. The selection cassette, autoexcisable in vivo, has
also been previously described and consists of loxP-tACE-CRE-PGK-gb2-
neo-loxP. The whole modification cassette was synthesized (GeneArt) and
used to modify the BAC subclone by homologous E/T recombination in
bacteria. Recombination events were screened by PCR. After electropora-
tion of Bruce 4 C57BL/6 embryonic stem (ES) cells and selection in G418,
colonies were screened for homologous recombination by PCR analysis and
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Southern blotting. The occurrence of an appropriate homologous recombi-
nation event at the 5’ side was screened by PCR with the following nucleo-
tides: 5'-CCCACACACACACATCATAGAAAAG-3’ (forward primer);
5'-CTTTATCCAGGGTACAGCATAGAGC-3’ (reverse primer, 3 kb, with
wild-type allele); 5'-ACTGGGTGCTCAGGTAGTGGTT-3’ (reverse
primer, 3.8 kb, with knock-in allele). Next, a Southern blot with 3’ and 5’
probes was performed for some ES clones to further verify the recombina-
tion events. The 5" and 3’ probes were obtained by PCR and tested on DNA
digested with Bam HI (fig. S3A). A neomycin-specific probe was used to
ensure that adventitious nonhomologous recombination events had not
occurred in the selected clones. Mutant ES cells were injected into mouse
blastocysts from the FVB strain. Germline transmission led to the self-
excision of the selection cassette in male germinal cells. Screening of mice
for the presence of the NKLT mutation was performed by PCR with the
following oligonucleotides: 5'-TCGAATTGGTCTGGCATGCATAATC-
3’ (forward primer); 5'-GAGCACTTGTTGCTCCTCCAGACAA-3’
(reverse primer for the wild-type allele); and 5'-GTTCGAATTTAG-
CAGCAGCGGTTTC-3’ (reverse primer for the knock-in allele). This pair
of primers amplifies a 546—base pair (bp) fragment in the case of the wild-
type allele, and a 268-bp band in the case of the NKLT allele.

Antibodies

Purified antibody against Ly49C/I (5E6) was provided by Innate-Pharma.
Purified antibodies against NKp46 (29A1.4) and against NK1.1 (PK136) were
prepared by the CIML Monoclonal Antibody Facility. Antibodies against
NKp46 and Ly49C/I were labeled with Alexa Fluor 647 according to the
manufacturer’s instructions (Invitrogen). Similarly, antibody against NK1.1
was labeled with Alexa Fluor 488 (Invitrogen). PerCP-Cy5.5—conjugated
antibody against NKp46 (29A1.4); allophycocyanin (APC)-, biotin-, or
PerCP-CyS5.5—conjugated antibody against NK1.1 (PK136); phycoerythrin
(PE)- or APC-conjugated antibody against CD49b (DXS5); fluorescein
isothiocyanate (FITC)- or PerCP-CyS5.5—conjugated antibody against CD3
(145-2C11); PE-, APC-, or PE-Cy7—conjugated antibody against [IFN-y
(XMG1.2); APC-conjugated antibody against KLRG1 (2F1); biotin- or FITC-
conjugated antibody against NKG2A/C/E (20d5); biotin- or FITC-conjugated
antibody against Ly49C/I (5E6); FITC-conjugated antibody against Ly49D
(4ES); FITC-, PE-Cy7—, or APC-conjugated antibody against Ly49G2 (4D11);
PE-conjugated antibody against Ly49F (HBF-719); Alexa Fluor 700—conjugated
antibody against CD3 (500A2); APC-H7—conjugated antibody against CD19
(1D3); PerCP-Cy5.5—conjugated streptavidin; Pacific Blue—conjugated anti-
body against Ly49A (YE1/48.10.6); Alexa Fluor 647—conjugated antibody
against Ly49H (3D10); and biotin-conjugated antibody against NKG2D
(CX5) were obtained from BD Biosciences, Biolegend, or eBiosciences. Sample
analysis was performed on a FACSCanto II, LSR, or LSR II flow cytometers
(BD Biosciences) with FACSDiva software. Results were analyzed with FlowJo
software (Tree Star). NK cells were defined in the gate of lymphocytes de-
pending on the parameters for size and granulometric as defined by side
scatter (SSC) and forward scatter (FSC).

Cell isolation and culture

Splenocyte suspensions were obtained by mechanical disruption of mouse
spleen on a 70-um cell strainer (BD Biosciences) in complete medium. Red
blood cells were lysed by hypotonic buffer with 0.16 M NH,Cl and 17 mM
tris-HC1 (pH 7.2). NK cells were enriched by negative depletion with mAbs
against CD4, CD5, CD8, Ter119, and IA/IE, as previously described (54).
NK cell purity was assessed by flow cytometry to be 80 to 90%. Hybridoma
supernatant containing antibody against FcyRII/III (2.4G2) that was used to
block Fc receptors was produced in the laboratory. Isolated NK cells were
used for Ca®" flux measurement, cell sorting, confocal microscopy, and
FCS measurements.

Measurement of Ca®* flux

All steps, including the preparation of NK cells, were performed at room
temperature in Hanks’ balanced salt solution (HBSS with Ca** and Mg?",
without phenol red; #415-008, PAA) containing 1% fetal calf serum.
Isolated NK cells (107 cells/ml) were loaded for 1 hour at 37°C with
Indo-1/AM (5 uM final concentration; #402096, Calbiochem). Cells were
washed and then incubated with FITC-conjugated antibody against CD3
and APC-conjugated antibody against CD49b in the presence of 2.4G2.
Before sample acquisition, each tube (10° cells/ml) was prewarmed at
37°C for a few minutes. As a positive control, cells were stimulated with
ionomycin (1 pg/ml, Sigma) to obtain maximal responses. For specific ac-
tivation, biotin-conjugated antibodies against NK1.1 or NKG2D were
added (at a final concentration of 2.5 pug/ml) followed by ImmunoPure
streptavidin (5 ug/ml; Pierce). Changes in intracellular Ca®* over the time
were monitored with the Indo-1 (violet) and Indo-1 (blue) channels on an
LSR or LSR II flow cytometer with CellQuest or FACSDiva software.
Results were analyzed with FlowJo software.

Cell sorting

Isolated NK cells were incubated with FITC-conjugated antibody against
CD3 and APC-conjugated antibody against NK1.1 in the presence of
2.4G2. Cells were washed and then resuspended at 107 cells/ml in
phosphate-buffered saline (PBS) containing 2% fetal calf serum and 2 mM
EDTA. After the addition of propidium iodide (1 pug/ml, Sigma), NK cells
were sorted on a FACSVantage flow cytometer (BD Biosciences). NK cell
purity was assessed by flow cytometry to be 96 to 99%.

Measurement of IFN-y production

Splenocyte suspensions were distributed in a 96-well 2HB Immulon
plate precoated with antibody against NK1.1 (25 ug/ml) or antibody
against NKp46 (10 pg/ml). Cells were activated in the presence of
monensin (GolgiStop; BD Biosciences) or, alternatively, brefeldin A
(eBiosciences) in complete medium [RPMI 1640 (Gibco/Invitrogen) sup-
plemented with 10% fetal calf serum, 1 mM sodium pyruvate, 10 mM
Hepes, penicillin (100 U/ml), and streptomycin (100 pg/ml)]. After 4 hours
at 37°C, cell surface staining was performed, which included the use of a
fixable aqua dead cell dye (Invitrogen, Molecular Probes) to test for
cell viability. For intracellular IFN-y staining, cells were fixed with 2%
paraformaldehyde (PFA) and permeabilized with Perm/Wash solution
(BD Pharmingen).

RNA extraction and microarray analysis

Total RNA was extracted with the RNeasy Micro Kit (Qiagen) from sorted
splenic NK cells (NK1.1°CD3") isolated from wild-type, K’D°KO,
B2mKO, K’D’KO-TgKIR/HLA, and K’D°KO-TgKIR mice. The purity
of cells was more than 97%. The quality of the RNA and the absence of
genomic DNA contamination were assessed with Bioanalyzer (Agilent
Technologies). RNA from each sample was processed by Ipsogen and
hybridized to Affymetrix murine genome microarray chips 430.2.0. Data
obtained were analyzed with GeneSpring software (GX 10 version).
Data were first normalized and filtered by percentile (upper cutoff, 100;
lower cutoff, 20). Differentially expressed genes were then identified
with an unpaired ¢ test (P < 0.05) followed by a fold-change filter with
a cutoff of 1.7. This analysis was performed independently on the three mod-
els: (i) data from wild-type cells were compared to those from K’DPKO
NK cells, (ii) data from wild-type cells were compared to those from
B2mKO NK cells, and (iii) data from K°DPKO-TgKIR/HLA were com-
pared to those from K?DPKO-TgKIR NK cells. Candidate gene lists from
each analysis were then crossed to identify genes found in common in
both models.
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Fab production and svFCS measurements

Monovalent antibody fragments (Fabs) were prepared by papain digestion
of Ly49C/I and NK1.1 mAbs. Fast protein liquid chromatography (FPLC)—
purified Fabs were conjugated with Alexa Fluor 488 with the Alexa Fluor
488 Antibody Labeling Kit (Invitrogen), to get on average about one dye per
molecule. Freshly isolated NK cells were seeded at a low density on poly-L-
lysine—coated coverslips. Cells were then incubated in complete medium in
the presence of the fluorescently labeled Fabs for 15 min, and then gently
washed twice in HBSS and 10 mM Hepes (pH 7.4). FCS measurements
were immediately performed at 37°C on a custom-made apparatus based
on a confocal-based Axiovert 200M microscope (Zeiss) with an excitation
488-nm argon ion laser beam focused through a C-Apochromat 40x, NA
(numerical aperture) 1.2 objective. The laser waist w was set by a diaphragm
that altered the lateral extension of the laser beam falling onto the back ap-
erture of the microscope objective (32). Fluorescence was collected through
a 545/20-nm band-pass filter. Autocorrelations were processed by a hard-
ware correlator (Correlator.com), and the data were analyzed with built-in
functions of IGOR Pro (WaveMetrics). The FCS diffusion laws were
established from four to five different waists, with each value as the average
of 12 to 23 measurements on at least seven different cells. The diffusion time
14, defined as the lag time at half-maximum autocorrelation function (ACF),
was based on 20 independent runs of 5 s for Ly49C/I and 10 s for NK1.1 and
NKp46. For treatment with latrunculin A, NK cells were preincubated for
5 min in HBSS containing EDTA and latrunculin A (1 uM), and then FCS
was performed in HBSS containing EDTA and latrunculin A (0.1 uM).

Statistical analysis

All P values were determined with Prism software (GraphPad Software
Inc.) using nonparametric unpaired or paired tests (two-tailed) as indicated.
P values below 0.05 were considered significant and were designated in
figures as follows: *P < 0.05; **P < 0.01; ***P < 0.001.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/4/167/ra21/DC1

Fig. S1. NK cell education affects proximal signaling.

Fig. S2. Surface expression of NK cell receptors.

Fig. S3. Generation and identification of NKLT mice.

Fig. S4. Responsiveness of NKLT*~ NK cells.

Table S1. Lists of probe sets differentially expressed in NK cells from K°DPKO-TgKIR/HLA
and K°DPKO-TgKIR mice.

Table S2. Lists of probe sets differentially expressed in NK cells from wild-type and
KPDPKO mice.

Table S3. Lists of probe sets differentially expressed in NK cells from wild-type and
B2mKO mice.
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