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SUMMARY

NK cell education, a term describing a process for NK
cell acquisition of functional competence, is primarily
achieved by self-MHC-I-specific inhibitory receptors.
In this study, we have demonstrated that SLAM family
receptors (SFRs) redundantly expressed on hemato-
poietic cells function as self-specific activation re-
ceptors critical for NK cell education. To overcome
gene redundancy, we generated mice simultaneously
lacking seven SFRs, revealing that NK-cell-medi-
ated rejection of semi-allogeneic hematopoietic cells
largely depended on the presence of SFRs on target
cells. This stimulatory effect was determined by the
presence of SFR-coupled adaptors; however, SFR-
deficient mice displayed enhanced reactivity to he-
matopoietic cells. These findings demonstrate that
SFRs endow NK cells with an ability to kill hematopoi-
etic cells during the effector phase; however, the sus-
tained engagement of SFRs can desensitize NK cell
responses during an education process. Therefore,
self-specific activating ligands may be “tolerogens”
for NK cells, akin to self-antigens that induce T cell
tolerance.

INTRODUCTION

The activation of natural killer (NK) cells plays an important role
in immunosurveillance against abnormal cells, such as virally
infected cells, malignant cells, and allogenic bone marrow. In
contrast to T and B cells, NK cells are innate lymphocytes
without antigen-specific receptors. These cells possess germ-
line-encoded activation receptors responsible for killing these
“unwanted” cells. NK cells must maintain tolerance to self-tis-
sues, which is primarily achieved by self-major histocompatibility
complex (MHC) class | molecules (Shifrin et al., 2014; Raulet and
Vance, 2006; Elliott and Yokoyama, 2011; Orr and Lanier, 2010).
These ubiquitous MHC molecules, which independently act
as molecular signatures of “self,” are sensed by NK cell inhibi-
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tory receptors, including inhibitory Ly49 family receptors and
NKG2A in mice. However, NK cells exhibit self-tolerance to the
target cells despite a lack of self-MHC-I (Bix et al., 1991; Liao
et al.,, 1991; Kim et al., 2005). Similarly, the absence of these
inhibitory receptors also leads to NK cell hyporesponsiveness
(Bélanger et al., 2012; Fernandez et al., 2005). Therefore, Ly49-
mediated recognition of self-MHC-I molecules on host cells is
vital to the education (also called “licensing”) of NK cells, a pro-
cess that describes NK cell functional competence.

In contrast, the knowledge concerning the roles of activa-
tion receptors in NK cell education is still incomplete. The poten-
tial of activation receptors to influence NK cell education has
been investigated by overexpressing the ligands on normal
cells in transgenic mice. For examples, transgenic expression
of m157, a mouse CMV (MCMV)-encoded protein specific for
activation receptor Ly49H, causes a reduced NK cell respon-
siveness (Sun and Lanier, 2008; Tripathy et al., 2008). Similarly,
ectopic expression of Rael, a ligand for NKG2D, results in
reduced capacity of NK cells to reject mismatched cells (Coudert
et al., 2008). Consistently, the inactivation of NK cell activation
receptors, such as NKp46 and NKG2D, results in enhanced
NK cell effector function (Narni-Mancinelli et al., 2012; Deng
et al., 2015; Zafirova et al., 2009). These studies imply that
ligands for NKp46 or NKG2D must be expressed on normal cells,
but the prediction has not been tested because the relevant
ligands have not yet been discovered. Therefore, convincing
evidence is still lacking to support the fine-tuning of NK cell
reactivity by self-specific activation receptors that recognize
endogenous self-ligands.

“Hybrid resistance,” which refers to the failure of first-genera-
tion hybrid mice to accept parental semi-allogeneic hematopoi-
etic grafts, is thought to be executed by NK cells (Bennett et al.,
1995; Daley and Nakamura, 1984). The mechanism involving the
preference of NK cells to kill mismatched hematopoietic cells is
poorly understood. Unless “missing-self” status is sufficient for
the activation of NK cells, hematopoietic targets must display
active ligands that are recognized by self-specific activation
receptors on NK cells so that they are subject to being killed
by wild-type (WT) NK cells when hematopoietic cells lack self-
MHC-I molecules. Unfortunately, none of the hematopoietic-
cell-specific ligands are involved in NK-cell-mediated hybrid
resistance (Beilke et al., 2010).
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We have previously shown that signaling lymphocyte acti-
vating molecule (SLAM) family receptors (SFRs) are solely
detectable on hematopoietic cells (Dong et al., 2009). This family
consists of seven members: 2B4, Ly9, CRACC, CD48, SLAM,
CD84, and Ly108. These receptors recognize each other, so
they mediate homotypic interactions between hematopoietic
cells (Cannons et al., 2011; Schwartzberg et al., 2009; Veillette
et al., 2007). SFRs signal through their cytoplasmic immunore-
ceptor tyrosine switch motifs (ITSMs), which recruit a family of
SH2-domain-only-containing adaptors, including SLAM-associ-
ated protein (SAP), which has “loss-of-function” mutations in hu-
man X-linked lymphoproliferative (XLP) patients, and its homo-
logs EAT-2 and ERT. Mice lacking these three adaptors have a
severe defect in killing hematopoietic cells (Dong et al., 2009).
This may be the indication that SFRs most likely are self-specific
activation receptors. Because the activity of SFRs can be acti-
vating or inhibitory, which largely depends on the presence of
SAP family adaptors or not (Dong et al., 2012; Kageyama
etal., 2012; Zhao et al., 2012), the severe defect of NK cell func-
tion observed in SAP-family-deficient mice is most likely attrib-
uted to a failure of SFRs to transmit activating signaling and/or
the functional switch of SFRs to be inhibitory. Most likely, both
of these mechanisms are involved. Genetic removal of SFRs,
either on NK cells or on hematopoietic targets, will be able to
disclose the underlying mechanism.

All of the SFRs, except SLAM, are ubiquitously distributed on
mature NK cells (Dong et al., 2009). Unfortunately, genetic dele-
tion of any individual member of the SFRs cannot recapitulate
the phenotype in SAP-family-deficient mice (Lee et al., 2004;
Johnson et al., 2003; Cruz-Munoz et al., 2009). Moreover, the
genes encoding these SFRs are closely linked and positioned
within the same locus on chromosome 1. For these reasons,
redundancy must exist in the family and prevents us from further
investigating the important roles of SFRs for NK cell activation
and education.

Herein, mice simultaneously lacking seven SFR members
were generated using sequential multiplex genome engineering.
We reveal that SFRs act as endogenous self-specific NK cell
activation receptors in mediating rejection of semi-allogeneic he-
matopoietic cells. These activation receptors desensitize NK cell
reactivity when NK cells persistently interact with hematopoietic
cells. Hence, we provide the evidence to support that self-tissue-
specific ligand may be “tolerogens” for NK cells in a manner akin
to self-antigens, which induce T cell tolerance.

RESULTS

Mice Lacking Seven SFR Members Can Be Generated
Using a Sequential CRISPR Technique

To explore whether SFRs are self-specific activation receptors
involved in NK cell activation and education, we aimed to
generate mice that completely lacked seven SFRs. However,
the genes encoding SFRs are closely linked on chromosome 1,
as shown in Figure 1A, which prevented us from obtaining
such mice using conventional approaches. Instead, we used a
CRISPR-based technique to sequentially delete individual
genomic sequences of SFRs (Wang et al., 2013). A mixture of
synthetic guide RNAs was injected into the blastocysts isolated
from pure C57BL/6 (B6) mice together with the enzyme Cas9

(Figure 1B and Table S1). We used a flow-cytometry-aided
approach to simplify the screening procedure. After first-round
targeting, founder mice lacking SLAM, Ly108, CRACC, and
CDB84 were established (Figures 1B and 1C). The male founder
was further bred with female WT (B6 background) mice for the
second-round genome editing. A series of mutants, including
three founders that were completely deficient in seven SFRs,
was then obtained (Figure 1C). The expression of SFRs on im-
mune cells isolated from the spleens of SFR-deficient mice
was completely abolished (Figure S1A). Importantly, these SFR
gene deletions were further confirmed by genome sequencing
(Figure S1B). Total-SFR-deficient mice bred normally and pro-
duced offspring according to the expected Mendelian ratio. His-
tological examination of the lungs, liver, and intestine indicated
no obvious autoimmunity phenotype (Figure S1C).

NK Cell Differentiation Is Moderately Altered in SFR-
Deficient Mice

We initially examined the expression of SFRs on developing
NK cells. SFR-deficient NK cells were used as a negative control
to distinguish non-specific binding. A high proportion of NK cell
progenitors expressed both SLAM and Ly108 when NK cells
were committed. During NK cell differentiation, the presence of
these two SFR members gradually decreased. SLAM disap-
peared at the terminal stage. The other SFR members, including
2B4, CRACC, Ly9, and CD84, maintained a high expression
throughout all stages (Figure 1D and Table S2).

This distinct expression profile of SFRs on developing NK cells
led us to investigate whether global SFR deficiency interfered
with NK cell development. In fact, the percentages and absolute
numbers of NK cells in both the spleen and the bone marrow
(BM) were not obviously altered (Figure 1E), but a slight but
significant increase in immature CD27*CD11b™~ NK cells was
observed in the SFR-deficient mice (Figures 1F, 1G, and S2A).
In contrast, SFR-deficient NK cells consistently showed lower
expression of the markers that represent NK cell maturation,
such as KLRG1 (Figure S2B). Other molecules that begin to be
expressed in the immature stage, such as CD27, NKG2A, and
most of the Ly49 family receptors (I, D, G2, and H), were
expressed on NK cells in the BM and spleen in amounts compa-
rable to the control (Figure S2B). Furthermore, a higher percent-
age of SFR-deficient CD27*CD11b™ cells was still observed in
chimera mice that were reconstituted with a mixture of BM cells
from WT (CD45.1) and SFR-deficient mice (CD45.2), suggesting
a cell-intrinsic requirement of SFRs for NK cell differentiation
(Figure S2C).

SFR-Deficient NK Cells Exhibit Higher Responsiveness
to Hematopoietic Cells

Next, we began to evaluate the effect of SFR deficiency on NK
cell activation in a steady state. Freshly isolated resting NK cells
were stimulated with RMA-S and YAC-1 cells. Contrary to the
phenotype observed in SAP-family-deficient NK cells (Dong
et al., 2009), SFR-deficient NK cells unexpectedly displayed an
increased production of interferon-y (IFN-y) and an upregulated
release of CD107a, a marker for degranulation, when incubated
with hematopoietic RMA-S and, to a lesser extent, with YAC-1
(Figure 2A). We further sought to study the activation of
polyl:C-activated NK cells. SFR-def NK cells also showed higher
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Figure 1. NK Cell Differentiation Is Slightly Altered in SFR-Deficient Mice

(A) Gene location of SLAM family receptors (SFRs).

(B) A strategy to generate multiple SFR-deficient mice using CRISPR-based multiple genome engineering.

(C) A collection of SFR mutants was generated after two-step sequential genome editing.

(D) Flow cytometry analysis of SFR expression on progenitor NK cells (NKp, CD3~CD122* NK1.1-CD11b"), immature NK cells (iNK, CD3"CD122*NK1.1*
CD11b7), and mature NK cells (mNK, CD3~CD122*NK1.1*CD11b") of WT (red line) mice. SFR-deficient (blue line) NK cells served as a negative control.
(E-G) Analysis of NK cell development. Percentages and total numbers of splenic and BM CD3~ CD19 NK1.1* cells are shown. Each symbol represents an
individual mouse (E). Percentages (F) and absolute NK cell numbers (G) of four-stage development, including CD27-CD11b~ (DN), CD27*CD11b~ (CD27 SP),
CD27*CD11b* (DP), and CD27 CD11b* (CD11b SP) of the gated CD3~CD19 NK1.1* NK cells in the spleen and BM of WT and SFR-deficient mice. (E-G) The
data represent the mean + SEM of 9-12 mice pooled from three independent experiments.

Please see also Figures S1 and S2.

responsiveness to RMA-S stimulation (Figure 2B). The difference
was less dramatic when YAC-1 was used (Figure 2B). Due to the
complexity of tumor cell lines in ligands for NK cell activation re-
ceptors, we examined the activation of SFR-deficient NK cells in
response to primary MHC-I-lacking cells. Similarly, SFR-defi-
cient NK cells activated by polyl:C exhibited increased produc-
tion of IFN-y and degranulation when triggered by hematopoietic
immature DC (iDC) and T cells that were pre-activated by Con A,
but not mouse embryonic fibroblasts (MEFs) (Figure 2C). There-
fore, SFR-deficient NK cells have an increased ability to Kill
MHC-I-lacking hematopoietic cells in vitro.

Next, this finding was further validated by two NK-cell-medi-
ated in vivo assays. Notably, SFR-deficient mice could eliminate
MHC-I-lacking hematopoietic cells slightly but reproducibly
faster than WT mice (Figure 2D). To ascertain whether the
increased ability of SFR-deficient mice to reject hematopoietic
cells in vivo could be attributed to the action of NK cells, the
recipient mice were administered with anti-NK1.1 antibody to
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deplete NK cells. This treatment completely abolished the hyper-
responsiveness of SFR-deficient mice in response to hemato-
poietic cells (Figure 2D). We then observed that SFR-deficient
mice also rejected RMA-S tumor cells better than WT mice
(Figure 2E). Taken together, these results show that SFR-
deficient mice display an unexpected phenotype of NK cell
hyperresponsiveness.

Furthermore, other possibilities that could cause the altered
responsiveness of NK cells in SFR-deficient mice were also
excluded. First, NK cells from two other SFR-deficient foun-
ders, 2# and 3#, consistently had an increased ability to secret
IFN-y following in vitro stimulation with RMA-S (Figure 2F)
and to eliminate Bom-deficient splenocytes in vivo (Figure 2G).
Thus, the hyperresponsiveness phenotype in SFR-deficient
mice was not due to an off-target effect, possibly caused
by CRISPR-based targeting. Therefore, we chose founder
7# as the representative in the subsequent experiments.
Second, based on developmentally matched comparison, the



Figure 2. SFR-Deficient NK Cells Exhibit Higher Responsiveness to Hematopoietic Cells

(A and B) Naive splenocytes from WT and SFR-deficient mice were incubated with the indicated tumor targets. (A) CD3~ NKp46* NK cells were analyzed for
intracellular IFN-vy (left) or CD107a (right). (B) Similar to (A), while polyl:C-activated splenocytes were used. The data represent the mean + SEM of 5-10 mice per
group analyzed in two separate experiments.

(C) Polyl:C-activated splenocytes from WT and SFR-deficient mice were incubated with the indicated primary cells, including B.m-deficient MEFs and Bom-
deficient iDCs, as well as Con-A-activated T cells with (WT T) or without Bom (Bom def T). NK cells were analyzed for intracellular IFN-y (left) and CD107a (right).
The data represent the mean + SEM of 3-6 mice per group analyzed in three separate experiments.

(D) In vivo rejection of Bom-deficient splenocytes. Percent rejection of CFSE-labeled cells obtained from the spleen (SP) and LNs of WT and SFR-deficient mice.
The Bom-deficient splenocytes were used as donor cells, and the WT (B6) splenocytes were used as an internal control. WT and SFR-deficient mice were injected
with anti-NK1.1 antibody (+PK136) to deplete NK cells. Each symbol represents an individual mouse; small horizontal lines indicate the average. The data are
pooled from two experiments. n = 7-8 mice per group.

(E) In vivo RMA-S peritoneal clearance. Each symbol represents an individual mouse. The data are pooled from two representative experiments. n = 7-8 mice
per group.

(F) Frequency of IFN-y-producing cells among polyl:C-activated NK cells from WT or three SFR-deficient founders (2#, 3#, and 7#) stimulated with RMA-S. The

data represent the mean + SEM of 3 mice per group analyzed in three independent experiments.
(G) In vivo rejection of p2m-deficient splenocytes. Similar to (D). The data are pooled from two representative experiments (n = 4-9 mice per group).

Please see also Figure S3.

four SFR-deficient NK cell subpopulations, CD27 CD11b™,
CD27*CD11b~, CD27*CD11b*, and CD27-CD11b*, consis-
tently displayed higher responsiveness to RMA-S stimulation
than WT NK cells (Figure S3A). Thus, the hyperresponsiveness
was not due to the slight modification to NK cell differentiation
in SFR-deficient mice. In addition, this higher reactivity of
SFR-deficient NK cells was not associated with an increase
in the expression of major NK-cell-activation receptors on
the cell surface (Figure S2B), and SFR deficiency did not
increase the stability and duration of NK cell contact with
RMA-S cells, although a critical role of SAP is the formation
of NK-target conjugates (Qi et al., 2008) (Figure S3B). Lastly,
but importantly, we confirmed that the hyperresponsiveness
resulted from a cell-autonomous mechanism in a competitive
chimera assay (Figure S3C).

SFRs Are General Activation Receptors on NK Cells
Given that the activity of SFRs on NK cells is highly complex due
to their dual (activating or inhibitory) activity (Dong et al., 2009,
2012), the most plausible interpretation of the higher NK activity
in SFR-deficient mice may have two possibilities. One possibility
is that SFRs on NK cells may be globally inhibitory during the
effector phase. The other possibility is that SFRs probably func-
tion as activation receptors that desensitize NK cell responsive-
ness during an “education” process because the sustained
engagement of activation receptors induces cross-tolerance
of multiple distinct NK cell activation pathways (Coudert et al.,
2008).

To understand the total activity of SFRs on NK cells, we first
determined that ectopic expression of ligands for SFRs on B16
melanoma could trigger NK cell activation, as evidenced by the
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increased production of IFN-y and expression of CD107a; how-
ever, the stimulatory effect was almost completely abolished
in SFR-deficient NK cells (Figures 3A and 3B). These results
confirmed that SFRs play a stimulatory role in the activation of
WT NK cells, as previously reported (Dong et al., 2009).

Given that SFRs are self-recognizing, the deletion of SFRs on
target cells will also lead to the failure of SFRs on NK cells to
transmit signaling. To further ascertain the activity of SFRs,
WT NK cells were chosen as effectors, while MHC-I-deficient
hematopoietic cells with or without SFRs were chosen as tar-
gets. In this situation, the potential effect of SFR deficiency
on NK cell education was avoided. As predicted, the loss of
SFRs on WT or MHC-I-deficient iDCs led to the failure of iDC
to maximize NK cell effector functions, such as the production
of IFN-y and CD107a in vitro (Figure 3C). These findings
were further proven using an in vivo model in which SFR-suffi-
cient Bom-deficient hematopoietic cells as targets were easily
eliminated in WT (B6) mice, whereas SFR B.m-deficient cells
remained relatively resistant to be rejected (Figure 3D). As
expected, SFR-deficient mice were able to equally reject
Bom-deficient and SFR B.m-deficient hematopoietic cells but
better than WT mice did (Figure S4). These experiments
demonstrate that SFRs function overall as activation receptors
on NK cells.

296 Immunity 45, 292-304, August 16, 2016

Figure 3. SFRs Are Overall Activation Re-
ceptors on NK Cells

(A and B) Frequency of CD107a" (A) and IFN-y-
producing (B) cells among polyl:C-activated NK
cells from WT and SFR-deficient NK cells following
stimulation by B16 cells with or without (control)
the expression of indicated ligands for various
SFRs. The data represent the mean + SEM of 3-5
mice per group analyzed in two independent
experiments.

(C) Frequency of CD107a* (left) and IFN-y-
producing (right) polyl:C-activated WT (B6) NK
cells following stimulation by immature DCs. Tar-
gets differentially expressed with (+) or without (—)
SFRs and/or Bom were used. The data represent
the mean + SEM of 7-9 mice per group pooled from
two separate experiments.

(D) In vivo rejection of Bom-deficient splenocytes.
Percent rejection of CFSE-labeled cells obtained
from the spleen and LNs of recipient WT (B6) mice.
Splenocytes from Bom-deficient or SFR Bom-defi-
cient mice were used as donor cells, and WT (B6)
splenocytes were used as an internal control. WT
(B6) mice were injected with anti-NK1.1 antibody
(+PK136) to deplete NK cells. Each symbol repre-
sents an individual mouse. The data are represen-
tative of three individual experiments, n = 5-6 mice
per group.

Please see also Figure S4.

To address whether the residual rejec-
tion of SFR-deficient hematopoietic cells
is mediated by NK cells, recipient mice
were depleted of NK cells by anti-NK1.1
antibody. This treatment caused more se-
vere defects in the rejection of adoptively
transferred lymphocytes, with or without

SFRs, suggesting that the residual rejection of SFR-deficient
lymphocytes was also mediated by NK cells, perhaps through
additional NK cell activation receptors (Figure 3D).

SFRs Are Required for Acute Rejection of
Semi-Allogeneic Hematopoietic Cells, a Model for
Hybrid Resistance

To test whether SFRs are NK cell activation receptors and
involved in NK-mediated hybrid resistance, first, an in vitro assay
was performed to reveal that SFR-sufficient parental hematopoi-
etic cells that lack MHC-I could efficiently trigger the activation of
WT hybrid NK cells, as evidenced by the elevated production of
IFN-y and release of CD107a, but the absence of SFRs on these
targets greatly diminished the stimulatory effect (Figure S5).
Notably, an in vivo model mimicking hybrid resistance also re-
vealed that SFR-deficient parental BM cells were considerably
resistant to in vivo rejection in the irradiated WT (F1) mice (Fig-
ure 4A). A similar difference was also noted when non-irradiated
hybrid mice were shown to reject splenocytes (Figure 4B). To
determine whether the difference was due to the differential acti-
vation of NK cells caused by SFR expression, WT (F1) recipient
mice were injected with anti-NK1.1 antibody to deplete NK cells
in vivo. As expected, NK-depleted recipients accepted SFR-suf-
ficient targets as comparable to SFR-deficient ones (Figure 4B).



Figure 4. SFRs and Adaptor Protein SAPs Are Required for NK-Cell-Mediated Acute Rejection of Semi-Allogeneic Hematopoietic Cells

(A) In vivo model for hybrid resistance. Left, experimental flow, irradiated WT (F1) mice were injected with a mixture of parental WT or SFR-deficient BMCs (B6)
mixed with an equal number of WT (F1) BMCs as an internal control. Right, percent rejection of CFSE-labeled cells obtained from the spleen and LNs of WT (F1)
mice was quantified. Each symbol represents an individual mouse. The data represent the mean + SEM of 4-6 mice per group. The data are representative of two
experiments.

(B) Left, experimental design. Right, percent rejection of CFSE-labeled cells obtained from the spleen (SP) and LNs of WT (F1) mice 6 hr after injection of WT or
SFR-deficient splenocytes, together with WT (F1) splenocytes as an internal control. To confirm NK dependence, WT (F1) mice were injected with anti-NK1.1
antibody (+PK136) to deplete NK cells. Each symbol represents an individual mouse. The data are representative of three experiments are expressed as the
mean + SEM of 3-7 mice per group.

(C) In vivo model for hybrid resistance. Left, experimental flow, WT or SAP-deficient mice (F1) were injected with a mixture of WT (B6) splenocytes together with
WT (F1) splenocytes as an internal control. Right, the percentage of rejection was quantified. Purified NK cells (2 x 105 from WT (F1) mice were adoptively
transferred to SAP-deficient mice (F1) to confirm NK cell-dependence. The data are representative of three experiments and are expressed as the mean + SEM of
4-5 mice per group.

(D) Frequency of IFN-y-producing (left) and CD107a™* (right) polyl:C-activated NK cells from WT or SAP-deficient mice (F1) stimulated with BM-derived iDCs
derived from WT or Bom-deficient WT (B6) mice, and F1 as the control. The data representing the mean + SEM of 3-4 mice per group are representative of two

experiments.
Please see also Figure S5.

Thus, the ligands for SFRs on BM cells could trigger the NK-cell-
mediated rejection of semi-allogenic hematopoietic cells. NK-
cell-depleted mice exhibited more severe defect in the clearance
of hematopoietic targets either with or without SFRs (Figure 4B),
suggesting that other self-specific activation receptors probably
exist. Therefore, our findings demonstrate that SFRs act as at
least one type of self-specific activation receptor that is involved
in the model for hybrid resistance.

SAP, an SFR-Coupled Adaptor, Is Required for the Model
for Hybrid Resistance

To further validate SFR-mediated downstream activating
signaling in the model for hybrid resistance, we investigated
whether SFR-coupled adaptors are involved. SAP was chosen
as a representative of the family because the Sh2d7a gene en-

coding SAP lies on the X chromosome and male SAP-deficient
mice (F1) could be obtained by crossing WT (BALB/c) mice
with Sh2d7a heterozygous mice (Sh2d71a*™~, H-2P). Notably,
SAP-deficient mice (F1) displayed more severe defects in the
rejection of the transferred lymphocytes in the detected spleens
and LNs (Figure 4C). To validate whether the action of SAP oc-
curs through NK cells, NK cells (F1) were purified and adoptively
transferred to SAP-deficient mice (F1). This treatment could
largely rescue the severe defect of recipient mice in the rejection
of semi-allogeneic hematopoietic cells (Figure 4C). A further
in vitro assay was then performed. When SAP-deficient NK cells
(F1) were co-cultured with parental iDC cells, they failed to be
fully activated (Figure 4D). In parallel, similar results were
achieved when NK cells were exposed on MHC-I-deficient DC
cells as stimuli (Figure 4D). These experiments demonstrate
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that SFRs mediate NK-cell-mediated rejection of parental he-
matopoietic cells through coupling SAP family adaptors or at
least through SAP.

Chronic Engagement of SFRs Desensitizes NK-Cell
Responsiveness during Their Education

The data discussed above clearly exclude the possibility that the
increased activity of SFR-deficient NK cells was due to a loss of
SFR inhibitory activity during the effector phase. We hypothe-
sized that SFRs might function as self-specific activation recep-
tors that weaken NK cell responsiveness when NK cells persis-
tently make contact with SFR-expressing hematopoietic cells
during the “education” process. However, the question is diffi-
cult to test because the repertoire of activation receptors on
NK cells that recognize primary hematopoietic cells is not
completely defined. As an alternative, we analyzed the activation
of individual polyl:C-activated NK cells by stimulation through
NK1.1 and Ly49D, as the antibodies against them have widely
been used for the analysis of NK cell education. These antibodies
stimulate NK cell activation in a dose-dependent manner (Kim
et al., 2005). We found that crosslinking NK1.1 using a high con-
centration of plate-coated antibody led to IFN-y production by
WT NK cells, while SFR-deficient NK cells displayed a stronger
ability to secrete this cytokine (Figure 5A). Similar results were
also observed upon stimulation through Ly49D (Figure 5A), as
well as Rae1-expressing B16 cells (Figure S6A). The difference
between the two genotypes seemed to be less dramatic at low
antibody concentrations (Figure S6B). We also noted that the
naive NK cells were more sensitive to crosslinking through
NK1.1 or Ly49D (Figure 5B). Therefore, the increased activity
of these activation receptors can probably be attributed to the
hyperresponsiveness phenotype in SFR-deficient mice. Taken
together, SFR-mediated interactions between NK cells and
hematopoietic cells most likely weaken NK cell responsiveness,
probably by affecting the activity of other activation receptors.

SFR-Involved NK Cell Education Is Affected by Inhibitory
Receptors that Recognize Self-MHC-I Molecules
Furthermore, we sought to understand whether SFR-involved
NK cell education is influenced by self-MHC-I dependent inhib-
itory signaling, which is primarily necessary for NK cell functional
competence. As we have known that B6 (H-2b) mice express
four well-characterized inhibitory Ly49 receptors, Ly49A,
Ly49C, Ly49G2, and Ly49I, on overlapping NK cell subsets.
NK cells that express Ly49C and/or Ly49I bind to H-2K® and
are licensed in H-2° mice. Based on the overlapping expression
of Ly49C and Ly49I, which could be specifically recognized by
two monoclonal antibodies, 4LO33 and YLI-90, respectively,
NK cells were divided into four subsets (Figure 5C).

To investigate whether the expression of self-MHC-I-specific
Ly49C and Ly49I affects the activity of SFR-deficient NK cell
subsets in response to hematopoietic, MHC-I-deficient RMA-S
cells were used as stimuli to stimulate NK cells. We observed
that SFR-deficient NK cells bearing Ly49C and/or Ly49l pro-
duced more cytokine than the respective WT subsets (Figure 5C).
SFR-deficient Ly49C~Ly491~ NK cells were also more activated
by the stimulation. These findings indicate that the sustained
engagement of SFRs can desensitize the responsiveness of
both Ly49C Ly491~ and Ly49C*Ly49I* NK subsets.
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In addition to inhibitory Ly49s, NKG2A is inhibitory and most
likely required for NK cell licensing by self-MHC-I. Presumably,
fully educated NK cells in B6 mice are positive for Ly49C, Ly49I,
and NKG2A. To further understand whether Ly49C ™ Ly491~ NK
cells contain NKG2A™* NK cells, we examined these three mole-
cules on NK cells (Figure 5D), revealing that NKG2A, Ly49C, and
Ly49l overlapped on some NK cells. Indeed, half of Ly49C~Ly491~
NK cells were NKG2A™*. Thus, we wondered whether the presence
of NKG2A* NK cells among the Ly49C~Ly491~ population was
attributed to the increased activity of this population. To exclude
this possibility, NK cells were further divided into four subsets:
Ly49C Ly491"NKG2A~, Ly49C Ly491"NKG2A*, Ly49C*Ly49I*
NKG2A~, and Ly49C*Ly49I"NKG2A* (Figure 5D). We then
analyzed the activity of these subpopulations of NK cells in
response to RMA-S stimulation. We noted that Ly49C Ly49I~
NKG2A~ NK cells that are “non-licensed” showed much stronger
responsiveness when SFRs were absent on NK cells. Two SFR-
deficient NK cell subsets expressing Ly49C Ly491"NKG2A*
and Ly49C*Ly49I"NKG2A~ showed moderately higher activity
than WT NK cells (Figure 5D). However, SFR-deficient Ly49C*
Ly49I"NKG2A* NK cells displayed comparable secretion of
IFN-v to SFR-sufficient NK cells. Therefore, SFRs differentially
fine-tune NK cell subsets during the education process, probably
more efficiently in the NK cells with less or no self-MHC-I depen-
dent receptors.

In MHC-I-deficient mice, all of NK cells, either Ly49C ™ Ly491~
or Ly49C*Ly49I*, are presumably not licensed by self-MHC-I
molecules. To finally confirm the conclusion that SFR deficiency
affects the activity of non-licensed NK cells, SFR B.m-deficient
mice were used. The in vitro stimulation assay revealed that
deleting MHC-I could dampen NK cell production of IFN-y in
response to the stimulation with NK1.1 antibody, as seen previ-
ously (Kim et al., 2005). Despite this, SFR B,m-deficient NK cells,
either Ly49C Ly49l~ or Ly49C*Ly49I*, reproducibly showed
higher hyperresponsiveness to the stimulation by NK1.1 anti-
body compared to Bom-deficient NK cells (Figure 5E). Thus, we
conclude that the SFR deficiency indeed affects the functional
acquisition of non-licensed NK cells.

The Presence of SAP Family Adaptors Determines the
Activation of SFRs on NK Cells

The above data clearly elucidated the dual role of SFRs in NK
cell education and activation; that is, SFRs act as self-specific
activation receptors that desensitize NK cell responses during
functional competence and also act as hematopoietic-specific
activation receptors that trigger NK-mediated rejection of
semi-allogeneic hematopoietic cells. The remaining question is
how the activation of SFRs is regulated. SFRs primarily recruit
SAP family members. We previously proposed two mechanisms
involving the actions of SAP family members in the SFR-trig-
gered activation of NK cells (Dong and Veillette, 2010). One is
the “active signaling molecule” model, which suggests that
SFRs deliver an activating signal through the recruitment of
SAPs. The “natural blockers” model suggests that the SAP fam-
ily prevents SFRs from coupling with SH2 domain-containing
inhibitory molecules (Dong et al., 2009, 2012). As expected,
normal parental B6 hematopoietic cells could not be effectively
destroyed by SAP-deficient F1 NK cells. However, when the
SFRs were genetically removed from these target cells, the



Figure 5. Chronic Engagement of Activating SFRs Desensitizes NK Cell Responsiveness during Education Process

(A and B) Polyl:C-activated (A) or resting (B) splenocytes from WT and SFR-deficient mice were stimulated by plate-coated antibody against NK1.1 or anti-Ly49D
(10 ng/mL), isotype antibody as the control. CD3~NKp46* NK cells were analyzed for intracellular IFN-y. The percentages of IFN-y* NK cells were quantified. The
data represent the mean + SEM of 3-6 mice per group analyzed in three independent experiments.

(C) Gating strategy (left), the expression of Ly49C versus Ly49Il on splenic CD3~NKp46™* NK cells was distinguished by staining with antibodies, clone 4LO33 and
YLI-90, respectively (right). Polyl:C-activated splenocytes from WT and SFR-deficient mice were stimulated by RMA-S. Four NK (CD3~NKp46*) subpopulations
were analyzed for intracellular IFN-y. The percentages of IFN-y* NK cells were quantified. The data represent the mean + SEM of 4-5 mice per group in two
independent experiments.

(D) Gating strategy (left). Ly49C and Ly49I were first co-stained by biotin-conjugated antibodies, clone 4LO33 and YLI-90. The differential expression of NKG2A
versus Ly49C and Ly49I on splenic CD3~NKp46* NK cells was examined by flow cytometry and showed as dot plots (right). Polyl:C-activated splenocytes from
WT and SFR-deficient mice were stimulated by RMA-S. Four NK (CD3~NKp46*) subpopulations were analyzed for intracellular IFN-y. The percentages of IFN-y*
NK cells were quantified. The data represent the mean + SEM of 3-5 mice per group in three independent experiments.

(E) Polyl:C-activated splenocytes from the indicated mice were stimulated by high concentration of NK1.1 antibody (10 pg/mL). Percentages of IFN-y-producing
cells among Ly49C Ly491~ and Ly49C*Ly49I* (including Ly49C*, Ly49l*, and Ly49C*Ly49I*) NK cell populations were analyzed. Ly49C and Ly49l were
distinguished by the antibodies, clone 4L033 and YLI-90, respectively, as seen in (C). The percentages of IFN-y* NK cells were quantified. The data represent the
mean + SEM of 4-5 mice per group in two independent experiments.

Please see also Figure S6.

compromised NK cell activity was rescued (Figure 6A). Similar
results were also obtained when using SFR B.m-deficient cells
as donor cells (Figure 6B). These data suggest that the presence
of SAP partly determines the activity of SFRs on NK cells.

To explore whether the deletion of SFRs on donor cells could
reverse the severe defect in NK cells that we previously
observed in SAP-family-deficient mice in the 129sv background
(Dong et al.,, 2009), we re-generated SAP-family-deficient
mice in a B6 background to ascertain that the genetic back-
grounds were comparable (Jordan et al., 2007). Consistent
with the data previously observed, parental B6 hematopoietic
cells that express SFRs could not be effectively rejected

in our newly generated SAP-family-deficient mice. However,
when SFR-deficient hematopoietic targets were injected into
SAP-family-deficient mice, the compromised NK cell activity
was completely rescued (Figure 6C). This experiment suggests
that the dominant signal from SFRs with SAP family deficiency
is inhibition.

As a final test of whether the removal of SFRs on SAP-family-
deficient NK cells could also diminish the inhibitory role of SFRs,
we generated mice simultaneously lacking seven SFRs and
three SAP family adaptors (SFRDs). However, because EAT-2
and ERT, two members of the SAP family, are also linked with
the SFR locus on chromosome 1, we failed to obtain such
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Figure 6. Presence of SAP Family Adaptors Determines the Activation of SFRs on NK Cells

(A-D) Top, experimental design.

(A) Rejection of CFSE-labeled cells obtained from the spleens (middle) and LNs (bottom) of the indicated mice after injection of parental WT or SFR-deficient B6
splenocytes mixed with an equal number of WT (F1) splenocytes as internal control. Each symbol represents an individual mouse. The data represent the mean +
SEM of 4-7 mice per group analyzed in two independent experiments.

(B) Rejection of CFSE-labeled cells obtained from the spleens (middle) and LNs (bottom) of indicated mice after the injection of parental B.m-deficient or SFR-
Bom-deficient WT (B6) splenocytes together with an equal number of WT (F1) splenocytes as internal control. Each symbol represents an individual mouse. The
data represent the mean + SEM of 4-6 mice per group analyzed in two independent experiments.

(C) Rejection of CFSE-labeled cells obtained from the spleens (middle) and LNs (bottom) of WT and SAP-family-triply-deficient (SAP T-def) mice after injection of
Bom-deficient or SFR Bom-deficient splenocytes, together with an equal number of WT (B6) splenocytes as internal control. Each symbol represents an individual
mouse. The data represent the mean + SEM of 6-12 mice pooled from two experiments.

(D) Rejection of CFSE-labeled cells obtained from the spleens (middle) and LNs (bottom) of WT, SAP T-def, and SLAM-SAP-family-deficient (SFRD-def) mice after
an injection of equal proportions of WT (B6) and B.m-deficient splenocytes. Each symbol represents an individual mouse. The data are pooled from two

representative experiments, n = 6-9 mice per group.

mice by the routine method. We then developed mice deficient
in SFRs, EAT2, and ERT using sequential CRISPR-based
genome engineering. The loss of EAT-2 and ERT was validated
by detecting genomic sequences (Figures S7A and S7B). After
the resulting mice were further bred onto the SAP-deficient
mice, SFRD mice were finally obtained. We found that the com-
bined deletion of SFRs on NK cells could completely reverse the
severe defect of SAP-family-deficient mice in the clearance of
hematopoietic cells (Figure 6D). Furthermore, we performed
in vitro assays at a single-cell level to directly address whether
the in vivo phenotypic reversal was due to the improvement of
NK cell effector functions. Notably, the deletion of SFRs on
NK cells could largely correct the severe defect of IFN-y secre-
tion in NK cells without the SAP family (Figures S7C and S7D).
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Thus, SFRs on the surface of SAP-family-deficient NK cells
are indeed inhibitory.

Taken together, SFRs act as self-specific activating receptors,
which are strictly dependent on the presentence of SAP family
adaptors. When the SAP family is absent in NK cells, SFRs
are converted and become inhibitory, which may aggravate
the NK-cell defect in rejecting self-MHC class | mismatched
hematopoietic cells.

The Altered NK Cell Phenotypes Observed in
SFR-Deficient Mice Are Not due to Alternative Signaling
by SAP Family

Although SAP family adaptors are mainly recruited by SFRs,
they also have the potential to bind to other immunoreceptor



Figure 7. The Altered Phenotypes in SFR-Deficient Mice Are Not due to the Alternative Signaling by SAP Family Members
(A) Splenocytes isolated from polyl:C-activated mice as indicated were incubated with RMA-S. CD3~NKp46™ NK cells were analyzed for intracellular IFN-y. The
representative flow cytometry plots were presented (left) and the percentages of IFN-y* NK cells were quantified (right). The data are representative of three

experiments and represent the mean + SEM of 3-5 mice per group.

(B) Rejection of CFSE-labeled splenocytes obtained from the spleen of the indicated mice 6 hr after injection of Bom-deficient splenocytes. Each symbol
represents an individual mouse. The data represent the mean + SEM of 5-7 mice per group analyzed in three separate experiments.

(C) Polyl:C-activated NK cells from indicated mice that were stimulated with RMA-S. Frequency of IFN-y-producing cells among four subpopulations were
quantified. The data are representative of three experiments and expressed as the mean + SEM of 4-5 mice.

(D and E) Representative flow cytometry plots (D) and quantifications (E) of the four-stage development (similar to Figure 1G) of the gated CD3"NK1.1* NK cells in
the spleens and BM of the indicated mice. The data are representative of three experiments and expressed as the mean + SEM of 4-6 mice per group (E).

Please see Figure S7.

tyrosine-based activation motif (ITAM) (Proust et al., 2012).
To exclude this possibility that other ITAM-containing activation
receptors recruit SAP family adaptors, most likely leading
to the abnormal phenotypes observed in SFR-deficient mice,
we performed further experiments using SFRD-deficient mice.
Compared with SFR-deficient NK cells, polyl:C-activated NK
cells from SFRD-deficient mice exhibited an equivalent ability
to produce IFN-vy (Figure 7A). When primary splenocytes lacking
self-MHC-I were transferred, the capacity of SFRD-deficient NK
cells to clear these abnormal cells was also greater than in con-
trol WT mice but comparable to SFR-deficient mice (Figure 7B).
SFR deficiency also caused a higher activity of NK cell subsets,
including Ly49C~Ly491"NKG2A~, Ly49C Ly49I " NKG2A*, and
Ly49C*Ly49I"NKG2A~ NK cells, even in the absence of SAP
family adaptors (Figure 7C), as observed in SFR-deficient
mice. Moreover, the altered NK cell differentiation was also reca-
pitulated in SFRD-deficient mice (Figures 7D and 7E). Therefore,
we conclude that the altered NK cell phenotypes observed in
SFR-deficient mice are not due to alternative signaling, possibly
caused by SAP family.

DISCUSSION

Studies of gene function are often hampered by gene redun-
dancy, which widely exists in the immune system. In this study,
we developed sequential multiplex genome engineering based
on the established CRISPR technique. We successfully obtained
mice that lack SFRs, SAP family members, or both. With these
multiple (up to 10)-gene-deficient mice, we revealed three critical
roles for SFRs in the physiology of NK cells: an essential role for
the activation of NK cells in rejection of MHC-I-mismatched he-
matopoietic cells, an unexpected role important for the induction
of NK cell tolerance to self-hematopoietic cells, and another reg-
ulatory role implicated in NK cell differentiation. These novel find-
ings have not been disclosed by individual deletion of any mem-
ber of SFRs. Thus, we believe that the technical quality of this
study is undoubtedly strong and is a good example for success-
fully resolving immune redundancy in mice.

The discrimination of self from non-self is a central topic in
immunology. The prevention of self-tissues from immune attack
is tightly controlled by the induction of immune tolerance, which
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is originally defined as T or B cell unresponsiveness to a self-an-
tigen that is induced by previous exposure to that antigen (Gold-
rath and Bevan, 1999; Hogquist et al., 2005). To date, the dissec-
tion of NK cell tolerance has mainly focused on the role of
inhibitory Ly49 receptors recognizing self-MHC class | mole-
cules (Kim et al., 2005; Fernandez et al., 2005). Although activa-
tion receptors were also involved in the induction of NK cell toler-
ance in transgenic models (Coudert et al., 2008; Tripathy et al.,
2008), the physiological relevance of those studies remains un-
clear. We have demonstrated here that SFRs are one of the
self-specific activation receptors that can sense endogenous li-
gands on hematopoietic cells and thus induce NK cell tolerance.
The mechanism may be more naturally occurring and universally
applicable within the vertebrate immune system, as SFRs are
widely expressed on other immune cells (Cannons et al., 2011).
Ubiquitous SFR expression functions as an endogenous check-
point in maintaining NK cell peripheral tolerance to self-hemato-
poietic cells, akin to self-antigen induced T cell anergy (Kyewski
and Klein, 2006). Overall, NK cell tolerance would be achieved by
multiple mechanisms, somewhat analogous to central versus
peripheral tolerance for T cells (Kyewski and Klein, 2006). NK
cells ensure tissue-specific peripheral tolerance most likely
through self-specific activation receptors, including SFRs. It
will be interesting to further understand how NK cells maintain
tissue-specific tolerance to other organs or tissues.

Our finding demonstrates that self-specific activation recep-
tors can definitely educate NK cells physiologically. Thus, NK
cell functional acquisition can be achieved by at least two
distinct signals derived from self-specific activation receptors
and/or from Ly49-mediated inhibitory receptors. Moreover, we
have revealed here that SFR-induced NK cell tolerance is
affected by self-MHC-I. Our interpretation is that SFR-mediated
interactions among hematopoietic cells work together with
Ly49-dependent inhibitory receptors not only during NK cell
effector functions but also NK cell education. The balance be-
tween signaling emanated from these two types of interactions
will determine the outcome of NK cell education, which is highly
similar to the scenario when NK cells attack their targets. Due to
the ubiquitous expression of SFRs on hematopoietic cells, SFR-
mediated interactions persistently stimulate all the NK cells,
inducing hyporesponsiveness of NK cells, but they induce less
hyporesponsiveness of Ly49C* Ly49l" NKG2A* NK cells, prob-
ably because MHC-I dependent inhibitory signaling decreases
the SFR-mediated activation signaling. Therefore, we probably
identified one of the key stimulatory signaling that works in
conjunction with inhibitory signals, particularly self-MHC-I-
dependent signaling, to determine the outcome of NK cell
education.

Itis notable that the loss of SFRs on hematopoietic target cells
could significantly inhibit NK cell-mediated degranulation. How-
ever, the effect is not completely abolished, inferring that other
hematopoietic cell-specific receptors play a role in rejection of
semi-allogeneic hematopoietic cells, a model for hybrid resis-
tance. Moreover, SFRD-deficient NK cells that lack all SFRs
and SAP family members presumably not only fail to generate
SFR-mediated inhibitory signaling but also lose SFR-triggered
activating signaling. Indeed, the ability of NK cells in SFRD-defi-
cient mice to kill hematopoietic cells was slightly increased. The
remaining question is which receptors are responsible for NK cell
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recognition of hematopoietic cells in the absence of SFRs.
Although NKG2D has been highlighted to be involved in hybrid
resistance, their relevant ligands are not hematopoietic-cell spe-
cific and have not been tested on normal WT (B6) mice (Beilke
et al., 2010), suggesting that NKG2D is not the receptor that
facilitates NK-mediated hybrid resistance when SFRs are ab-
sent. We assume that NK cells most likely possess multiple he-
matopoietic-cell-specific receptors, including SFRs. Given that
SFRs, such as 2B4, could synergize with other activation recep-
tors, such as NKG2D and CD16, for NK cell activation (Dong
et al., 2009), SFRs may alternatively serve as co-stimulatory
receptors for full activation of NK cells in mediating hybrid
resistance.

Inhibitory Ly49 receptors license NK cells through a cyto-
plasmic tail composed of immunoreceptor tyrosine-based inhib-
itory motifs (ITIMs) (Kim et al., 2005), and SHP-1 is thought to
be involved. Mice deficient in SHP-1 display compromised NK
cell education (Viant et al., 2014), although it could not be reca-
pitulated in a second study (Kim et al., 2005). Thus, it remains
controversial how NK cells are licensed by inhibitory signaling.
However, licensing by activating signaling also remains contro-
versial. Currently, no evidence supports a role for DAP10 or
DAP12, two adaptors essential for NKG2D and Ly49H signaling,
in NKG2D- or Ly49H-mediated NK cell education (Coudert et al.,
2008). Although SAP family adaptors are well-known to be
downstream of SFR signaling, SAP-family-deficient mice show
a phenotype completely opposite to that in SFR-deficient mice
(Dong et al., 2009). This discrepancy between two mutant mice
is reasonably explained by the fact that SFRs are converted to
be inhibitory in the absence of SAP family members. Thus, it is
impossible for us to obtain direct evidence supporting that the
SAP family is involved in NK cell tolerance. Generating mice
bearing SAP family mutants that lack the ability to transduce
active signaling at no expense to the activity of natural blocker
will help to determine whether SFR-induced tolerance of NK cells
relies on the SAP family.

Overall, our study has shown that SFRs are hematopoietic-
specific activation receptors involved in a model for hybrid resis-
tance. These receptors most likely account for the preference of
NK cells to kill hematopoietic cells. Therefore, this finding paves
the way for the potential use of a cocktail of SFR antibodies
for the short-term blockade of NK cell rejection of allogeneic he-
matopoietic cell transplants. Our study also suggests that long-
term blockage of SFR-mediated desensitization of NK cells,
which mimics the scenario in SFR-deficient mice, may help
awaken NK cells, which may represent a potential strategy for
boosting NK cell function for the clinical treatment of hematopoi-
etic malignancies.

EXPERIMENTAL PROCEDURES

Mice

Mice differentially lacking SLAM-SAP family members were generated by a
sequentially CRISPR-Cas9-based genome editing (see Supplemental Experi-
mental Procedures). C57BL/6 (B6, H-2°), BALB/c (H-2D%), and B,m-deficient
mice lacking MHC-I were obtained from The Jackson Laboratory. RAG1 yc-
deficient mice were described previously (Yang et al., 2015). SAP-deficient
F1-hybrid mice were generated by crossing male BALB/c with female SAP-
deficient mice (B8, H-2°). All of the mice were bred and maintained in specific
pathogen-free animal facilities at Tsinghua University. All of the procedures



involving animals were approved by the Animal Ethics Committee of Tsinghua
University.

Cells

RMA-S, YAC-1, and B16 have been described previously (Dong et al., 2009).
B16 expressing Rae1 or SLAM-family ligands were generated using the retro-
viral vector pMSCV-Puro. For the generation of T cell blasts, the splenocytes
from WT, SFR-deficient, pom-deficient, or SFR B.m-deficient mice were
activated with 3 ng/mL of concanavalin (Con A, Sigma) for 48 hr. Then, the
cells were expanded by the low concentration of mouse interleukin (IL)-2
(50 V). For the derivation of iDCs, BM cells were grown for 8 days with the
presence of granulocyte-macrophage colony-stimulating factor (GM-CSF).
MEFs were isolated from the embryos of B.m-deficient mice at gestation
days 12.5-13.5.

In Vitro NK Cell Assays

To detect NK cell degranulation and IFN-y production, splenocytes (2 x 10°)
from polyl:C-treated or naive mice were cultured together with an equal num-
ber of the indicated target cells or stimulated by the plate-coated antibodies
against NK1.1 or Ly49D at a serial of concentrations (low, 1 ug/mL or high,
10 pg/mL) for 5 hr in the presence of GolgiStop (BD Biosciences) and
CD107a (eBioH4A3). Cells were stained with the antibodies against NKp46
and CD3 and then were fixed and made permeable with Cytofix/Cytoperm
Buffer (BD Biosciences). Cells were then stained with IFN-y (XMG1.2). For con-
trol experiments, the splenocytes were stimulated with PMA (50 ng/mL) plus
ionomycin (1 mM) or IL-12/IL-18 (10 ng/mL each).

In Vivo Detection of NK-Mediated Rejection of Hematopoietic Cells
Splenocytes (1 x 10°) from B6, SFR-deficient, p,m-deficient, or SFR-B,m-
deficient mice labeled with 5 pM CFSE (carboxyfluorescein diacetate succi-
nimidy! ester; Invitrogen) were equally mixed with splenocytes of F1-hybrid
mice that were labeled with 0.5 mM CFSE and then injected intravenously
into F1-hybird mice with or without SAP, which were primed with 100 pg of
Polyl:C. When WT, SFR-deficient, SAP-family-deficient, and SFRD-deficient
mice were recipients, Bom-deficient or SFR-Bom-deficient splenocytes were
labeled with 5 uM CFSE and then equally mixed with the splenocytes of
B6 mice that were labeled with 0.5 uM CFSE. CFSE" cells were identified
in spleens and lymph nodes (LNs) by flow cytometry 6 hr after intravenous
injection. The results are expressed as the ratio of rejected target cells. For
hybrid resistance assay, hybrid mice as recipients are lethally irradiated
and transferred with 1 x 10° of WT, SFR-deficient, pom-deficient, or SFR-
Bom-deficient parental B6 BM cells that are labeled with 5 WM CFSE together
with an equal number of BM cells of F1 (WT) mice that were labeled with
0.5 uM CFSE.

Statistical Analyses
Prism 5 software was used for unpaired Student’s t tests (two-tailed). A p value
of less than 0.05 was considered significant. *p < 0.05, ** p < 0.01, **p < 0.001.
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