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Abstract

Interactions between human leukocyte antigen (HLA) molecules on target cells and the inhibitory
killer cell immunoglobulin-like receptors (KIRs) and heterodimeric inhibitory receptor CD94-
NKG2A on human natural killer (NK) cells shape and program various response capacities. A
functionally orthologous system exists in mice, consisting of major histocompatibility complex
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(MHC) molecules on target cells and the inhibitory Ly49 and CD94-NKG2A receptors on NK
cells. Here, we found that the abundance of Src homology 2 domain—containing phosphatase-1
(SHP-1) in NK cells was established by interactions between MHCs and NK cell inhibitory
receptors, although phenotypically identical NK cell populations still showed substantial
variability in endogenous SHP-1 abundance and NK cell response potential. Human and mouse
NK cell populations with high responsiveness had low SHP-1 abundance, and a reduction in
SHP-1 abundance in NK cells enhanced their responsiveness. Computational modeling of NK
cell activation by membrane-proximal signaling events identified SHP-1 as a negative amplitude
regulator, which was validated by single-cell analysis of human NK cell responsiveness. The
amount of mRNA and protein varied among responsive NK cells despite their similar chromatin
accessibility to that of unresponsive cells, suggesting dynamic regulation of SHP-1 abundance.
Low intracellular SHP-1 abundance was a biomarker of responsive NK cells. Together, these data
suggest that enhancing NK cell function through the acute loss of SHP-1 abundance or activity
may enhance the tumoricidal capacity of NK cells.

Introduction

Natural Killer (NK) cells provide rapid immune surveillance against virally infected cells
and tumor cells, while maintaining tolerance to healthy tissues. Most NK cells express
inhibitory receptors, such as the killer cell immunoglobulin-like receptors (KIRS) in humans,
the Ly49 receptors in mice, and the heterodimeric inhibitory receptor CD94-NKG2A
(hereafter referred to as NKG2A) in both humans and mice, all of which recognize major
histocompatibility complex (MHC) class | molecules. Inhibitory receptor—expressing NK
cells are efficiently inhibited by cognate MHC molecules expressed on host cells as a
mechanism of self-tolerance. The same NK cells, however, attack MHC!OW/ed targets, such
as virally infected cells and tumor cells, upon simultaneous triggering by activating receptors
(1). This recognition of pathologic loss of self-MHC class | on targets and the subsequent
stimulation of effector activity has been described as the “missing self” response (2).

NK cells expressing NKG2A receptors or self-MHC-specific inhibitory KIR/Ly49 receptors
are better effectors against MHC!9W/ned targets than are NK cells lacking these receptors

or NK cells expressing receptors for non-self-MHC class | antigens (3, 4). Historically
referred to as “licensing” (3) or “disarming” (4), the poorly understood process by which
an NK cell becomes tolerized to cells bearing self-MHC class | while simultaneously being
endowed with a higher capacity to kill cells lacking self-MHC class | is now generally
referred to as “NK cell education,” an active process that lends itself to fine-tuning, referred
to as the “rheostat model” (5). How inhibitory signaling promotes and controls NK cell
responsiveness is unclear, but it requires interactions between inhibitory KIR/Ly49 or
NKG2A receptors on the NK cell and MHC class | molecules on neighboring cells and

on the NK cell itself (6,7,8).

Self-MHC-specific inhibitory KIR/Ly49-expressing and NKG2A-expressing NK cells, or
so-called “educated NK cells,” are, in general, better effector cells than are “uneducated NK
cells” lacking self-MHC—specific receptors, and demonstrate a greater likelihood of target
cell conjugation (9), activation (3), and killing of MHC"®9 targets (3, 4). Educated human
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NK cells express more DNAM-1 (10) and granzyme B (11), and exhibit higher baseline
glycolysis (12, 13). In B6 mice, educated NK cells also express more DNAM-1, but less

T cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory
motif domains (TIGIT) (14) and Ly49C (15), and exhibit increased basal mammalian target
of rapamycin (mTOR) activity (16) and PI3K5 abundance (17) compared to uneducated

NK cells. Furthermore, distinct cytoskeletal distributions and dynamics of activating and
inhibitory receptors characterize educated NK cells (18, 19). The loss of genes encoding
beta-2 microglobulin (B2M) (3, 20), Ly49 (21), ITIM (22), and SHP-1 (23) proteins in mice
eliminates NK cell education, resulting in universal NK cell hyporesponsiveness. Whereas
demonstrating that ablation of these molecules underscores their essential roles in NK cell
education, no studies have addressed which signaling molecule establishes and adjusts the
NK cell response in real time and whether there is a single molecular determinant that
digitally controls the all-or-none response at the level of the individual NK cell.

The phosphatase Src homology 2 domain—containing phosphatase-1 (SHP-1) is the protein
product of PTPN6 and is expressed predominantly in hematopoietic cells of all lineages and
at all stages of maturation (24). In T cells, SHP-1 is a negative regulator of T cell receptor
(TCR)—mediated signaling, counterbalancing the activation of protein tyrosine kinases and
modulating the magnitude and kinetics of signaling downstream of the TCR (25). Modeling
of single-cell responses upon T cell activation reveals that despite stochastic variability

in protein abundance among clonal populations, the cell is sensitive to small changes in

the amount of SHP-1 (26). In T cells, the coreceptor CD8 acts to adjust the response
threshold, whereas SHP-1 functions as a negative amplitude regulator of cell responsiveness
(27), where regulators of threshold and amplitude are defined by their respective effects

on parameters characterizing the dose-response to stimuli: namely, ECsq (the concentration
of ligand required to achieve a 50% response) and amplitude (the maximal response of

the cell as the ligand dose approaches infinity) (27). In human NK cells, SHP-1 directly
associates with KIR, whose inhibitory function is dependent on its tyrosine phosphorylation
and the recruitment and activation of SHP-1 (28). In mice deficient in SHP-1 (23) and in
mice transgenic for a catalytically inactive form of SHP-1 (29), NK cells are universally
hyporesponsive to tumor cells and MHC class I-deficient target cells. Together, these
studies point to a requirement for SHP-1 for categorical NK cell responsiveness, but without
establishing exactly what role the protein plays.

We found variability in the abundance of SHP-1 among NK cells, based on inhibitory
receptor abundance and MHC environment. In both humans and mice, SHP-1 amounts were
reduced at the level of transcript and protein in educated NK cells compared to uneducated
NK cells and were modulated by inhibitory receptor density and MHC ligand concentration.
The abundance of SHP-1 rapidly responded to changes in environmental MHC, and an
acute reduction in SHP-1 increased NK cell responsiveness, indicating its underlying role

in the elastic tuning of the NK cell response. Computational modeling of human NK cell
responses identified SHP-1 as a negative amplitude regulator, with the KIR-HLA interaction
broadly establishing the threshold of the response. Together, these findings establish that the
abundance of SHP-1 determines the responsiveness of an individual NK cell. Furthermore,
the amount of SHP-1 was more accurate than that of self-MHC-specific receptor as a marker
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of responsive NK cells, making it a suitable target for the therapeutic enhancement of NK
cell activity.

Educated human NK cells exhibit reduced amounts of PTPN6 transcripts and SHP-1

protein

In humans, KIR2DL1, KIR2DL2/3, KIR3DL1, and NKG2A are the inhibitory receptors
that contribute to NK cell education. To identify the transcriptional differences between
educated and uneducated NK cells, we performed transcriptome profiling of NK cells sorted
for single-positive (sp) expression of KIR2DL3, KIR2DL1, and NKG2A, from an individual
homozygous for KIR haplotype-A and homozygous for HLA-C1 (fig. S1, A and B). The
inhibitory receptor—rich KIR haplotype-A in an HLA-C1 KIR ligand environment designates
NK cells that are positive for self-HLA-specific KIR2DL3 and NKG2A as being educated,
and cells solely expressing the nonself-HLA-specific KIR2DL1 as being uneducated (30).
We found that NK cells that were single-positive for self-MHC—specific receptors express
reduced amounts of PTPN6 transcripts when compared with NK cells single-positive for
nonself-MHC-specific receptors, linking SHP-1 abundance to education status (fig. S1C).

We validated the link with SHP-1 abundance between educated and uneducated NK cell
populations from the same individual by flow cytometric staining of intracellular protein. In
experiments with polyclonal and monoclonal antibodies against SHP-1, we confirmed that
KIR2DL3sp and NKG2Asp NK cells had less SHP-1 protein compared to KIR2DL 1sp and
KIR"NKG2A™ NK cells (Fig. 1A). In addition to HLA-C1, the donor also exhibited the KIR
ligand HLA-Bw4, thereby denoting NK cells expressing the cognate receptor KIR3DL1 as
being educated and therefore predicted to be more responsive. Consistent with the findings
for the HLA-C1-educated KIR2DL 3sp NK cells, the HLA-Bw4—educated KIR3DL1sp NK
cells had less SHP-1 when compared to the uneducated KIR2DL1sp and KIR"NKG2A~
cells from the same individual (Fig. 1A).

To confirm that SHP-1!°W cells are more responsive than SHP-119" cells, we evaluated the
activity of each NK cell population against the HLA-negative 721.221 target cell line. We
found that SHP-1'°% NK cells responded robustly against 721.221 target cells, as measured
by CD107a mobilization, in comparison to SHP-1M9" NK cells (Fig. 1B). That low amounts
of SHP-1 were found among cell populations expressing self-HLA-specific KIRs and that a
higher response was associated with low amounts of SHP-1 suggests that SHP-1 abundance
determines NK education and the likelihood of a cell to respond to an NK cell-sensitive
target.

We measured the amounts of SHP-1 in NK cell populations from an additional 20 different
KIR haplotype-A homozygous donors, using the uneducated KIR"TNKG2A™ NK cells from
each donor as an internal control. Normalizing the geometric mean fluorescence intensity
(gMFI) of SHP-1 in the cell population of interest to the gMFI of SHP-1 in autologous
KIR"NKG2A™ NK cells, we demonstrated that SHP-1 amounts were lower in NK cells with
surface expression of inhibitory KIR2DL1, KIR2DL3, or KIR3DL1, once the respective
cognate HLA ligand was present in the same individual. HLA-E, the ligand for NKG2A,
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was present universally in all donors, leading to reduced SHP-1 abundance in NKG2A* cells
compared to that in their KIRTNKG2A™ counterparts (Fig. 1C). In all cases, an inverse
correlation was observed between SHP-1 abundance and the degree of responsiveness

of each NK cell population to the HLA-class | negative target cell K562 (Fig. 1D).
Consistent with previous studies that demonstrated that ligand copy number titrates NK

cell responsiveness (31, 32), KIR2DL3sp and KIR2DL1sp NK cells from donors with two
copies of HLA-C1 or HLA-C2, respectively, had less SHP-1 compared to those from donors
with only one copy of each ligand. In all comparisons, the greatest amounts of SHP-1 were
in the uneducated, hyporesponsive cells from donors lacking the cognate ligand (Fig. 1C).
To attempt to understand how SHP-1 abundance was regulated in NK cells, we assessed the
chromatin accessibility of PTPN6 from the same human NK cell populations by ATACseq
(fig. S1D). We did not observe a difference in chromatin accessibility between the NK cell
populations, suggesting that SHP-1 abundance was regulated in a dynamic fashion at the
transcriptional level and not due to changes in chromatin availability at PTPNG.

Modeling NK cell responsiveness

In a standard degranulation assay to HLA class I-negative target cells, not all phenotypically
identical NK cells expressing inhibitory receptors for self-MHC responded, despite having
similar exposure and target cell contacts (Fig. 1B). This suggests a variability in the
activation thresholds among NK cells that are traditionally defined by phenotype to be
educated. Although being SHP-1'°" appeared to be a general phenotypic marker for the
more responsive, self-MHC inhibitory receptor-bearing NK cells, whether and how SHP-1
regulates single NK cell responsiveness is not clear. In T cell activation, endogenous
variation in the abundances of signaling proteins affects antigen responsiveness, where
SHP-1 abundance acts as a digital regulator, switching a cell between responsive and
unresponsive states in real-time during signaling events (26) and as a negative amplitude
regulator (27). Together, these mechanisms ensure that variability in cell-to-cell SHP-1
protein abundance enables a population of cells to make a graded response from decisions
that are all-or-none at a single-cell level (27).

Hypothesizing that SHP-1 behaves similarly in NK cells, we applied a quantitative
assessment of phosphorylated S6 ribosomal protein (pS6) in individual primary NK cells
after short-term stimulation with anti-CD16 antibody (fig. S2A). As a readout of mMTORC1
signaling in NK cell activation (33), the abundance of pS6 in human NK cells provides

a positivity gradient with increasing intensity of stimulation, a critical feature for the
quantitative approach of this study. CD16, a potent activating receptor for NK cells, is
found on most CD56%M NK cells, regardless of their education state, thereby providing
the opportunity to titrate NK cell activity through CD16 stimulation. CD56"9Mt NK cells
were used as a control population because they lack CD16 and cannot be activated in this
experimental setting (fig. S2B).

KIR3DL1* NK cells from HLA-Bw4* donors are considered to be educated, with a higher
likelihood of cytotoxic and cytokine responses to target cells. Among the KIR3DL1* NK
cells, however, there was a range of SHP-1 abundance, where cells expressing lower
amounts of SHP-1 demonstrated a higher frequency of pS6 response when activated by
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antibody stimulation of CD16 (Fig. 2A). This suggests that variation in SHP-1 amount,
even among cells whose receptor abundance predicts that they should be similarly educated,
controls the NK cell response. The same inverse correlation between SHP-1 abundance and
responsiveness was observed when the NK cells were stimulated with cellular targets (Fig.
2B).

In silico modeling of murine NK cell activation, which is based on the signaling pathway
involving membrane-proximal, receptor-ligand interactions, predicts that NK cell activation
is digital in nature (34). This model also suggests that stochastic fluctuations in the numbers
of signaling molecules, which is the intrinsic random nature of biochemical reactions,
determine NK cell activity at the single-cell level. Using such a computational approach, we
tested the role of SHP-1 abundance in human NK cell responsiveness by simulating CD16
activation. The mathematical model enables the user to titrate the amount of input ligands
(immunoglobulin G, 1gG) and to vary the amounts of signaling molecules to measure the
abundances of pS6 and phosphorylated Vav (pVav), markers of the NK cell response based
on known membrane-proximal, receptor-ligand interactions (fig. 3A) (34). We found that
as the total concentration of SHP-1 increased, the amounts of pVav and pS6 decreased
directly and rapidly, indicating that SHP-1 is a negative amplitude regulator of human NK
cell activation (Fig. 2, C and D). The mathematical model also predicts that the quantitative
nature of digital activation does not change with variation in the number of activating
ligands (fig. 3B) (34); instead, increased SHP-1 amounts correlated with a decreased
amplitude of response without affecting the minimal number of ligands able to stimulate

S6 phosphorylation in 50% of the cells (ECsg). In other words, the ECsq value reflects the
probability of assembling a successful ligand-receptor pair, whereas the amplitude reflects
the probability of translating receptor engagement into S6 phosphorylation.

To determine whether this model predicted the responsiveness of primary human NK

cells, we demonstrated that the frequency of pS6™ NK cells was titrated by applying
differing concentrations of anti-CD16 antibody to the NK cells (fig. S3C). We compared

the KIR3DL1* population with the KIR3DL1~ NK cell population within the same Bw4*
individuals, noting that the KIR3DL1™~ population consisted of a mixture of uneducated

NK cells lacking self-HLA-specific receptors and NK cells educated by self-HLA-specific,
but non-KIR3DL1 inhibitory receptors. Reflecting its inclusion of uneducated NK cells,

the KIR3DL1™ NK cell subset has a lower frequency of pS6* NK cells compared to the
KIR3DL1* NK cell population from the same individual (Fig. 2, E and F). Among the two
NK cell populations, the amount of SHP-1 did not affect the ECsq value, but KIR3DL1* NK
cells exhibited an enhanced amplification of responsiveness (fig. S3D), consistent with the in
silico simulation.

Allelic polymorphism at the K/R3DL 1 locus determines the cell surface density of
KIR3DL1, resulting in persons who bear two different K/R3DL 1 alleles having NK cell
populations with high or low KIR3DL1 surface abundance (35, 36, and 37). Due to
predominant monoallelic expression (32, 38), an individual NK cell typically expresses
one K/R3DL 1 allele, so that NK cells expressing one or the other allele can easily be
discriminated from each other based on flow cytometric measurement of cell surface
receptor density. Thus, whereas both KIR3DL1M9" and KIR3DL1!°W NK cells are
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considered to be educated in HLA-Bw4* donors, their response capacities differ based

on KIR allotype, its abundance, and its affinity for the HLA-Bw4 allotype (39, 40). We
previously showed that KIR3DL1M9" NK cells are more responsive than KIR3DL1!oW NK
cells in individuals with HLA-Bw4 alleles characterized by an isoleucine at amino acid
position 80, for which high-expressing KIR3DL1 allotypes display high-affinity binding
(35, 39). By measuring SHP-1 abundance in KIR3DL1M9" and KIR3DL1!°W NK cells
from the same Bw4-180 donors, we found that the more responsive KIR3DL 19" NK

cells had less SHP-1 protein than did the KIR3DL1!°W NK cells (Fig. 2G). In contrast,
autologous KIR3DL1M9" and KIR3DL1!%W NK cells from donors in the absence of the
cognate ligand Bw4 express similarly high amounts of SHP-1. Furthermore, in HLA-Bw4*
donors, KIR3DL1"edatve KIR3DL1%W, and KIR3DL1M9" NK cells showed increasing
frequencies of pS6 positivity after anti-CD16 crosslinking (Fig. 2H). Therefore, similar to
KIR ligand copy number, KIR receptor density and ligand affinity are positively correlated
with NK responsiveness (35) and inversely correlated with SHP-1 abundance, confirming
that receptor and ligand combine to set threshold for the cellular response through SHP-1 in
a manner directly related to receptor-ligand avidity.

MHC class | and inhibitory receptor interactions shape the NK cell transcriptome

In B6 mice, NK cells expressing one or more of the inhibitory receptors (Ly49C, Ly49l,

and NKG2A) that bind to H-2b MHC class | molecules are considered to be educated and
responsive NK cell subsets, whereas NK cells lacking all three receptors are uneducated
and hyporesponsive (4). In p2m~~ mice, all NK cells are hyporesponsive because of the
lack of MHC class | expression (3, 20). We evaluated in B6 mice the responsiveness of NK
cell populations that were single-positive for each inhibitory receptor to NK1.1 triggering,
normalizing the frequency of IFN-y™* cells among each population to the autologous
Ly49"NKG2A™~ NK population. We demonstrated that the Ly49Isp and Ly49Csp cells were
the most responsive (Fig. 3A). NKG2Asp NK cells, although less responsive than Ly491/C*
cells, were still more responsive than Ly49"NKG2A™ NK cells (Fig. 3A). This suggests that
NKG2A* cells were educated in B6 mice, but to a lesser extent compared with Ly49C* or
Ly491* NK cells. In contrast, all of the NK cell subsets were hyporesponsive in B2m™~ mice
(Fig. 3A).

We performed global transcriptional profiling of four populations from B6 mice by RNA-seq
analysis, sorting splenic NK cells into Ly49Isp, Ly49Csp, NKG2Asp, and Ly49"NKG2A~
populations (Fig. S4). To identify the transcriptional signatures of responsive NK cells,
we overlapped the differentially expressed genes between the three responsive NK cell
subsets and Ly49"NKG2A™ NK cells (Fig. 3B). In all three responsive NK cell subsets,
we found 41 genes whose expression was greater and 55 genes whose expression was

less relative to those in the hyporesponsive Ly49"NKG2A™ NK cells (Fig. 3B). Among
the genes whose expression was greater in responsive NK cells (Fig. 3C), Kcnj8, Gpcl,
S100a6, Hopx, Xdh, Myo6, F2r, Fgl2, and Bhlhe40have been described as NK cell
signature genes (41), although their exact roles in NK cell biology are unknown. Some
differentially expressed genes, including Ch/1, Klraz, Clip3, and Slamf6, were reported in
a previous study comparing the hyporesponsive, uneducated Ly49G2*Ly49I1~ population
and the responsive, educated Ly49G2~Ly49I* NK cell population in C57BL/6 mice (42).
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Previously described to be regulated by MHC class | interaction with self-MHC—specific
Ly49 molecules and SHP-1 signaling, transcription of K/rgZ was confirmed to be increased
in this dataset (43).

In addition, we found a different set of genes that were preferentially expressed in
hyporesponsive NK cells. These included genes encoding NK cell receptors, such as Klra7
(Ly49G2), Slamf6 (Ly108), and Tigit (TIGIT), as well as genes encoding solute carrier
family molecules, adhesion molecules, and transcription factors Myb, Tox, and Cux1. These
findings are consistent with those of a previous study, which suggested that NK cells
developed in an MHC-class I-negative environment, and were therefore predicted to be
uneducated and hyporesponsive, express more cell surface Ly49G2 (44). Most pertinent to
our studies is the finding that Pin6 (SHP-1) was more expressed among the uneducated NK
cell population lacking inhibitory receptors for self-MHC class | and less expressed among
the educated NK cell populations expressing inhibitory receptors for self-MHC class I.

Environmental MHC class | resets SHP-1 amounts in mouse and human NK cells

We measured the amount of SHP-1 protein in different murine NK cell subsets expressing
inhibitory self-MHC-specific receptors normalized to that in autologous NK cells lacking
all receptors. We found that Ly49Isp and Ly49Csp cells had the lowest amounts of SHP-1,
NKG2Asp NK cells had an increased amount of SHP-1, but still at a ratio significantly

<1 compared to that in NK cells lacking all receptors (Fig. 3, D and E). In contrast, in
B2m~/~ mice, in which all NK cell populations were hyporesponsive due to the lack of MHC
class I, the SHP-1 ratios were equivalent between receptor-bearing populations and virtually
equivalent to 1 with the “uneducated” NK cell population lacking all receptors (Fig. 3E).

Murine NK cell transfer studies have demonstrated that environmental MHC class | can
reshape NK cell responsiveness (45, 46), whereupon responsive NK cells developed in an
MHC class I-sufficient environment become hyporesponsive one week after their adoptive
transfer to an MHC-I-deficient host (45). Reciprocally, hyporesponsive NK cells from
MHC class I-deficient mice gain effector function after their transfer to an MHC class 1-
sufficient host (46). To test whether environmental MHC class I resets SHP-1 abundance
in NK cells, we transferred splenic NK cells from CD45.1* B6 mice into irradiated
CD45.2* wild-type or B2m~'~ mice. Ten days after transfer, we evaluated SHP-1 abundance
and NK cell responsiveness after NK1.1 crosslinking of NK cell populations predicted

to be educated and uneducated based on the expression of self-MHC-specific receptors.
Consistent with previous findings, Ly49lsp, Ly49Csp, and NKG2Asp CD45.1* NK cells
transferred to MHC-sufficient CD45.2* WT recipients exhibited high responsiveness to
NKZ1.1 stimulation, whereas the same NK populations lost responsiveness after transfer

to the B2m™" recipients, most substantially in the previously highly responsive Ly491*
and Ly49C* NK cells (fig. S5). Correspondingly, the same Ly491* and Ly49C* NK cells
transferred to the B2m~'" recipients were found to switch from low to high amounts of
SHP-1 after transfer (Fig. 3F).

We previously demonstrated that environmental HLA class | molecules can also adjust
human NK cell reactivity (8). KIR3DL1* NK cells developed in HLA-B27 (HLA-Bw4*)
transgenic (Tg) nonobese diabetic (NOD).Cg-Ragltm1Momll2rgtm1Wjl/SzJ (NRG) mice
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display enhanced missing-self activity (8). To test whether human NK cells reset their
SHP-1 amounts in the NRG mouse model, human umbilical cord blood CD34* cells were
transplanted into irradiated WT or B27 Tg* mice, and SHP-1 amounts were evaluated

after 8 weeks. KIR3DL1* NK cells that developed in HLA-B27 Tg animals expressed less
SHP-1 than KIR3DL1* NK cells that developed in HLA-negative recipients (Fig. 3G). Thus,
both murine and human NK cells changed their SHP-1 abundance according to changes in
environmental MHC class | molecules.

An acute reduction in SHP-1 abundance enhances NK cell responsiveness

Our results correlating SHP-1 abundance with inhibitory receptors, MHC class | ligand,

and the capacity of NK cells to respond suggested that inhibitory receptors and MHC class

| interactions set the threshold for responsiveness through dynamic modulation of SHP-1
abundance. Previous attempts to ablate SHP-1 among NK cells and directly manipulate
responsiveness did not demonstrate this point, however, because germline deletion of Pipn6
results in complete loss of responsiveness among all NK cells (23). We therefore reasoned
that a minimal presence of SHP-1 protein among NK cells, similarly to MHC class | and
inhibitory receptor, is necessary to establish a capacity for responsiveness and that active
adjustments in SHP-1 abundance then sets the amplitude of the response. An intervention to
reduce SHP-1 protein abundance, therefore, should result in an increased NK cell response.
To achieve an acute diminution of SHP-1 abundance in NK cells without complete loss

of the protein, we generated an inducible, NK cell-specific SHP-1 heterozygous-deficient
mouse strain. Pton6M mice were bred with NKp46-CreERT2 Tg mice carrying the Rosa26-
td-Tomato allele (47) to generate NKp46-CreERT2*/~Pion6*tdTomatof/~ mice. In this
mouse model, tdTomato marks Cre recombinase-edited NK cells (Fig. 4A) and enables
phenotypic and functional comparison between tdTomato* and tdTomato™ NK cells from the
same host treated with tamoxifen (fig. S6).

We confirmed that tdTomato* NK cells had measurably less SHP-1 protein at day 3

after tamoxifen administration compared to tdTomato™ NK cells from the same host

of CreERT2*/~Proné*tdTomato'~ mice (Fig. 4B). Similarly to human and wild-type
murine NK cells, differences in SHP-1 protein abundance were measurable but small,
with SHP-1 amounts in the tdTomato* cells averaging 75% of those in tdTomato™ cells.
We then evaluated differences in responsiveness between the induced tdTomato™ NK cells
(SHP-1'9") and the tdTomato~ cells against the NK cell-sensitive YAC-1 target cell line and
upon activation with the plate-bound antibodies anti-NK1.1 and anti-NKp46. In response
to all of these stimuli, tdTomato™ NK cells demonstrated significantly enhanced IFN-y
production and CD107a mobilization compared to tdTomato™ NK cells (Fig. 4, C and

D). Our results indicate that an acutely induced reduction in SHP-1 abundance rapidly
enhanced NK cell responsiveness, suggesting a direct role for SHP-1 in determining the
responsiveness of NK cells.

Previous studies investigating complete germline loss of Pipn6in NK cells reported
universal hypo-responsiveness, suggesting the importance of SHP-1 in NK cell development
to NK cell function (23). To further test whether induction of complete loss of SHP-1
among developed NK cells would result in even greater response, we generated NKp46-
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CreERT2*~ Pon6f mice. After confirming loss of SHP-1 among NK cells, but not

among T cells, after tamoxifen administration (Fig. 5A), we used mixed bone marrow
chimeric mice to evaluate the phenotype and functionality of NK cells with induced loss

of SHP-1 (Fig. 5B). Compared to wild-type (SHP-1P%) NK cells developed in the same
environment, the SHP-1"®9 NK cell population exhibited similar frequencies of inhibitory
receptor expression (Fig. 5C), suggesting that loss of SHP-1 did not lead to skewing toward
a particular NK cell subpopulation. Furthermore, SHP-1"¢9 NK cells showed similar activity
to that of SHP-1P% NK cells when stimulated with the YAC-1 target cell line or plate-bound
anti-NK1.1 and anti-NKp46 antibodies (Fig. 5D). Because the inhibitory Ly49* population
frequencies were similar between SHP-1"€9 and SHP-1PS cell populations, lack of induced
hypo- or hyperresponsiveness upon loss of SHP-1 expression suggests a lack of effect across
all NK cell populations.

We further compared the responsiveness of SHP-1"9 and SHP-1P% NK cells from
NKp46-CreERT2*/~ Pton6/M mice at sequential times after treatment with one dose of
tamoxifen. NKp46-CreERT2~/~Pton6//M littermates were applied as controls. SHP-1"9 NK
cells were found with a mean frequency of 43.8% (range: 24.5 to 64.0%) from NKp46-
CreERT2*/~Pton6"M mice at two weeks after tamoxifen administration (fig. S7A). Again,
compared to SHP-1POS cells and cells from Cre™~ littermates, SHP-1"9 NK cells did not
have significant differences in their response, even 6 weeks after tamoxifen administration
(fig. S7, B and C). Together with the findings from the mice with heterozygous loss of
Ptpné, these results suggest that NK cells require SHP-1 protein to establish and adjust
responsiveness, but that when SHP-1 is lost after the NK cell has developed, the response
threshold of the NK cell becomes fixed and is no longer adjustable.

To study transcriptional differences among NK cells after acute ablation of SHP-1, we
globally profiled differentially expressed genes among NK cells from chimeric mice

with or without tamoxifen treatment. NKp46-CreERT2*/~Pton6/f mice do not express

the td-Tomato allele to mark SHP-1-negative NK cells. We therefore analyzed samples
containing NK cells cytometrically negative for SHP-1 for comparison (fig. S8). Consistent
with the response data, we did not observe a difference among genes that contribute

to NK cell effector function, inhibition, and responsiveness. Instead, we found that the
expression of Dusp2, Whamm, and Ppplri2cwas reduced in NK cells with induced

loss of SHP-1 (Fig. 5E). Dusp2, which encodes dual specificity protein phosphatase 2,
inhibits mitogenic signaling, and the gene products of Whamm and PoplriZchave been
implicated in cytoskeleton formation and assembly (48, 49). Cell cycle-related genes,
including Nek2, Ncapg, Ncapg2, Cdkl, CcndZ, Ska3, Birc5, Cdcaz, Mki67, and Ckb

were preferentially expressed among NK cells with induced loss of SHP-1, with no
evidence of compensation by the expression of genes encoding other NK cell-related
phosphatases, such as SHP-2 (Fig. 5E) (50). We found that NK cell proliferation was
indeed enhanced upon ablation of SHP-1, as evidenced by increased Ki67 expression among
NK cells from NKp46-CreERT2*/~Pton6™/fl mice in comparison to that in NK cells from
NKp46-CreERT2~Pton6Vf mice after treatment with tamoxifen (Fig. 5F). These results
suggest that acute SHP-1 ablation affects NK cells transcriptionally and promotes NK cell
proliferation.
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Finally, SHP-1 is mediator of inhibitory signaling, leading us to hypothesize that induced
SHP-1"%9 NK cells were less likely be inhibited upon stimulation. This was confirmed by
comparing the amplitude of Ca2* flux in NK cells after NKp46 triggering and crosslinking
of the inhibitory receptor Ly49G2. A decrease in Ly49G2-mediated inhibition was observed
among NK cells from NKp46-CreERT2*/~Pton6™/fl mice when compared to that in NK
cells from NKp46-CreERT2~Pton6VM mice (Fig. 5, G and H). These findings indicate that
ablation of SHP-1 in mature NK cells dampens inhibitory receptor—mediated inhibition.
Together, these findings are consistent with a model in which SHP-1 is necessary to
establish the ability of an NK cell to respond and for titrating the amplitude of the response.
Upon complete loss of SHP-1 in a mature NK cell, however, the threshold to respond
becomes fixed and is not lost. While the same individual NK cell retains the capacity to
respond, it also becomes less sensitive to receptor-mediated inhibition.

Discussion

Central to the role of the NK cell in tumor surveillance and pathogen control is its ability

to mount an immune response while maintaining self-tolerance. A diverse spectrum of NK
cells is endowed with varied capacities for an effector response through a process that

is generally referred to as “education” and recognized to be governed by self-inhibitory
receptor interactions with MHC class | proteins. Through RNA-seq analysis and intracellular
staining, we have found that SHP-1 is a measurable protein marker that distinguishes
responsive NK cells from hyporesponsive NK cells in humans and in mice more accurately
than does self-MHC—specific receptor expression. SHP-1 therefore is a protein marker to
identify populations previously only functionally defined in mice and humans.

NK cells constantly scan cells in their environment, but it is not known how they distinguish
between healthy and diseased cells with high accuracy and speed in real time. An essential
role of SHP-1 in this process was underscored through in silico mathematical modeling

and through computational analysis of primary NK cell responsiveness, both of which
demonstrated a nonlinear dependency between input and response. We demonstrated that
SHP-1 was a digital regulator of NK cell responsiveness, determining the response state

of a given cell. When SHP-1 abundance exceeded a critical amount, as in uneducated NK
cells, the ECsq for the signaling network became infinite and NK cells became resistant

to activation, concurrently leading to the general inability to tune NK cell activity among
uneducated NK cells. In contrast, subpopulations with varied amounts of SHP-1 in educated
NK cells exhibited different degrees of S6 phosphorylation, while the responsive fractions
had the same ECgg values. These findings suggest that SHP-1 plays a second key role as a
negative amplitude regulator in educated NK cell responsiveness, whereby small fluctuations
in SHP-1 protein abundance tune NK cell reactivity. We further found that an activation
threshold was established through SHP-1 by self-MHC-class I-specific KIR and NKG2A in
a dose-dependent manner for both receptors and ligands (Fig. 6). In further support of its
active role in controlling dynamic response, an acute reduction, but not complete abrogation,
of SHP-1 abundance in NK cells augments their reactivity.

Educated NK cells exhibit distinct cytoskeletal distributions (18) and dynamics (19) of
activating and inhibitory receptors at rest, whereby activating receptors are confined in
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signaling-favorable nanodomains instead of the meshwork linked to the actin cytoskeleton.
In contrast, uneducated cells have both activating and inhibitory receptors confined to the
actin meshwork on the plasma membrane (18). A faster NKp46 diffusion rate with less time
within each microdomain in educated NK cells suggests that actin cytoskeleton—dependent
activating receptor dynamics contribute to NK cell responsiveness (19) and are therefore
likely vital to an active education process. SHP-1 directly binds to p-actin upon inhibitory
receptor engagement in human NK cells, leading to control of the conformational state
and catalytic activity of SHP-1 by actin dynamics upon inhibitory signaling (51). SHP-1
also forms complexes with y-tubulin (52) and myosin-9 (53) in immune cells, suggesting
SHP-1 may reciprocally influence cytoskeleton-related cell biology, whereupon complete
loss of SHP-1 leads to increased cytoskeletal assembly and cell cycling. Together, these
findings suggest that NK cell education is a dynamic process, linking NK cell function to
receptor-ligand distribution, the actin cytoskeleton, and the abundance of SHP-1 protein.

Germline deletion of the gene encoding the activating receptor NKG2D or its ligand RAE-1
leads to the generation of hyperresponsive NK cells in mice, suggesting that NKG2D
signaling desensitizes the NK cell response globally in response to various stimuli (54).
Moreover, a loss-of-function mutation in the gene encoding the activating receptor NKp46
(55) but not full deletion of NKp46 (56) results in the generation of hyperresponsive NK
cells. These observations support the disarming NK cell education model in which baseline
activation signaling desensitizes NK cells at rest (57). Furthermore, NKG2D-deficient NK
cells in mice show enhanced activity only through NKp46 triggering, leading to better
control of tumor and viral infection compared to that by wild-type NK cells (58). Similar

to what we observed in NK cells, low SHP-1 expression at the level of transcript and
protein has also been observed among other hyperresponsive innate immune cells. Invariant
NKT (iNKT) cells made hyperresponsive by the deletion of CD1d have less SHP-1 protein
compared to wild-type iINKT cells (59). It is not clear, however, whether SHP-1 mediates
activation-induced NK cell desensitization or how expression of the gene encoding SHP-1 is
regulated among innate cells.

A complete absence of SHP-1 during NK cell development results in universal
nonresponsiveness (23), indicating that despite its inhibitor role, SHP-1 must be present

at a minimal amount to enable NK cells to respond. The exact mechanism underlying how
SHP-1 contributes to NK cell responsiveness during development remains unclear. The
disarming hypothesis proposes that tonic activation during development leads the NK cell
to an anergic and hyporesponsive state, unless inhibitory signaling triggered by the binding
of MHC class | to inhibitory receptors interrupts activation and preserves response capacity
(54, 57). Fulfilling the role of a negative regulator, SHP-1 associates with inhibitory NK
cell receptors and blocks NK cell activation through the dephosphorylation of Vav-1, the
adaptor protein LAT, and phospholipase C-y (60, 61). Interestingly, the responsiveness

of SHP-1-negative NK cells is preserved in SHP-1-defective, motheaten-viable (/me-v)
mice in a transplantation setting (3) and upon induced deletion among mature NK cells

in our study. These seemingly discordant findings may be reconciled if SHP-1, at any

level during development, is necessary for establishing the capacity to respond; upstream
molecular interactions between inhibitory receptor and ligand can then adjust SHP-1
abundance, leading to tuning of the response capacity, as has been proposed in the “rheostat
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model” (5). Lack of engagement of MHC class | and inhibitory NK receptors, whether
during development or due to the transfer of mature cells into an MHC class I-deficient
environment (45, 46), leads to an increase in SHP-1 abundance and a decrease in NK cell
responsiveness, consistent with a process of desensitization or disarming in the setting of
persistent NK cell activation unchecked by inhibitory signaling (55, 57). Together, these data
suggest that SHP-1 has several roles in the NK cell response: enabling the capacity for a
response, controlling the likelihood of a response, and adjusting the response according to
environmental MHC class I.

As a critical signaling molecule and regulator of responsiveness in NK cells, SHP-1 may

be a reasonable immunotherapy target in disease states. After normal NK cell development
and the acquisition of response potential, a reduction in SHP-1 abundance enhances effector
function, an outcome that could be achieved by treatment with a SHP-1 inhibitor (58).

We showed that complete ablation of SHP-1 decreased SHP-1-mediated NK cell inhibition
while protecting NK cell responsiveness, advantageous qualities that were replicated by
CRISPR-mediated editing of P7TPN6in an NK cell line (62). Enhanced NK cell proliferation
upon loss of SHP-1 provides potential additional therapeutic benefit. Adoptive NK cell
therapies are emerging as an important tool in the treatment of malignancies (63, 64), with
the goal of achieving tumor killing through missing-self activation. Because the amount

of SHP-1 is reset upon transfer of NK cells to an environment lacking the MHC class |
molecules that were present in the donor, the long-term prospect of retaining high NK cell
responsiveness is unlikely without additional manipulation. Reduction of SHP-1 activity or
abundance in NK cells, either with an inhibitor or through the use of SHP-17/~ cells, may
enhance the effects of this promising cellular therapy.

Materials and Methods

Human samples

Mice

Buffy coats and umbilical cord blood samples were collected from volunteer blood donors
at the New York Blood Center. These samples were obtained anonymously for research
purposes; therefore, the Memorial Sloan Kettering Cancer Center (MSKCC) Institutional
Review Board waived the need for additional research consent. Peripheral blood was
additionally collected from healthy donors at MSKCC after approval by the MSKCC
Institutional Review Board, and donors provided informed written consent. Peripheral blood
mononuclear cells (PBMCs) were isolated by Ficoll purification, aliquoted, and stored in
liquid nitrogen before experimentation. High-resolution HLA typing (Histogenetics) and
KIR genotyping were performed as previously described (35).

C57BL/6J (B6), B6.129P2-B2mtMIUnc/j (32m~/=), B6.SJL-PtprcaPepc®/BoyJ (B6 CD45.1),
B6.129P2-Ptpn6™MIRsky;y ( pionéfli*), and NOD.Cg-Rag1tmIMom||2rgtmIWil/Sz) (NRG) mice
were obtained from The Jackson Laboratory. NOD.Cg-Rag1tmMomy_2rgmWil Tg (B2M,
HLA-B*27-05)56-3 (B27 Tg™) mice were described previously (39). NKp46-CreERT2 Tg
mice carrying the Rosa26-td-Tomato allele (40) were kindly provided by Dr. L. Lanier
(University of California), courtesy of Dr. J. Sun (MSKCC). Where indicated in the figure
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legends, mice were administered 4 mg of tamoxifen (Sigma) by oral gavage in 200 pl

of corn oil (Sigma). All of the mice used in this study were housed and bred under
specific pathogen-free conditions at Memorial Sloan Kettering Cancer Center and handled
in accordance with the guidelines of the Institutional Animal Care and Use Committee
(IACUC).

Human NK cells were enriched by negative selection from PBMCs (STEMCELL). CD34*
cells were purified by positive selection (Miltenyi) from umbilical cord blood. Murine NK
cells were enriched by negative selection (Miltenyi) from splenocytes for RNAseq analysis.
Murine NK cells were enriched from spleens by CD4, CD8, CD19, and Ter-119 depletion
for phenotypic and functional studies in some experiments. The cell lines 721.221, K562,
YAC-1, Ba/F3, and all primary NK cells were cultured in RPMI 1640 medium containing
10% fetal calf serum (FCS) supplemented with penicillin and streptomycin (MSKCC).
721.221-C1 cells were provided by Dr. Peter Parham (Stanford University).

Antibodies and flow cytometry analysis

Antibodies used for flow cytometry are listed in table S1. The Ly49C antibody 4L.03311
was kindly provided by Drs. S. Lemieux and W. Yokoyama (Washington University School
of Medicine). Murine NKG2A was stained with the antibody 20d5, which detects the same
NK population as that detected with clone 16all in B6 mice (65). For intracellular SHP-1
staining, cells were fixed and permeabilized with a staining kit (GAS004, Thermo Fisher
Scientific) before staining. Murine cells were preincubated for 10 min on ice with 2.4G2 to
block FcyRIl and Fcylll before staining. Flow cytometry and cell sorting were performed
on the Fortessa (BD Biosciences) and Aria Il cytometers (BD Biosciences), respectively.
The data were analyzed with FlowJo software (Tree Star).

In vivo NK cell development and adoptive transfer

For the humanized mouse model, NRG wild-type and HLA-B27 Tg mice were

irradiated one day before receiving 1 x 10° human CD34" cells, which were confirmed

to be >95% pure by FACS. Ba/F3-IL15-1L15R stable transfectants were irradiated

(100 cGy) and intravenously (i.v.) injected twice weekly beginning 3 weeks after
transplantation, as previously described (8). Human NK cells were harvested from

mouse spleens at 8 weeks after bone marrow reconstitution and were defined as

mCD45 hCD45"CD3CD14 CD19-CD122*CD16" among live cells. For murine NK cell
transfer experiments, CD45.1* splenocytes were injected i.v. into recipients (B6 or B2m="~
mice) that had received 600 cGy of irradiation 5 hours earlier, as previously described (46).
Each recipient received 50 x 108 donor splenocytes. NK cell phenotype and responsiveness
were tested 10 days later.

In vitro NK cell assays

Human PBMCs were co-cultured with target cells for 5 hours in the presence of anti-
CD107a antibody to detect degranulation. Frozen PBMCs were cultured overnight in RPMI
1640 medium containing 10% FCS and 200 IU/ml IL-2 before undergoing functional
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analysis. To evaluate the functions of murine NK cells, flat-bottomed, high protein-binding
plates (Corning) were coated with anti-NK1.1(10 pg/ml) or anti-NKp46 (5 ug/ml) antibody
overnight at 4°C. NK cells from the spleen were stimulated for 5 hours in the presence of
Monensin (BD Biosciences), Brefeldin A (Sigma), and 1,000 U/ml recombinant human IL-2
(Roche) before intracellular IFN-y was detected as previously described (46). The Ca2* flux
assay was performed and quantified as previously optimized (66). Splenic NK cells were
freshly enriched with a negative selection kit (Miltenyi) and labeled with the Ca2* indicator
Fluo-8 (Abcam) in assay buffer. Purified NK cells were then labeled with color-conjugated,
rat anti-mouse NKp46 and rat anti-mouse Ly49G2. The cells were then washed and kept

on ice until acquisition by flow cytometry. To record Ca?* flux, the cells were pre-warmed
at 37°C in a water bath for 10 min after which fluorescence signal was acquired for 30

s as baseline. After adding crosslinking donkey anti-rat IgG (Jackson Immunoresearch),
acquisition was continued for 360 s. To determine the area under the curve of each Ca?* flux
plot, kinetics analysis was performed with the Flowjo algorithm (BD Biosciences).

Anti-CD16 antibody stimulation and flow cytometric analysis of NK cell responsiveness

Freshly purified human NK cells were stimulated with different amounts of pre-warmed
biotin-conjugated anti-CD16 antibody and crosslinked with avidin (Thermo Fisher
Scientific) for 5 min at 37°C. The NK cells were fixed immediately with 1.6%
paraformaldehyde for 10 min at room temperature with excessive washes. After fixation,
the cells were stained for surface markers and then were permeabilized with Perm

Buffer 111 (BD Biosciences) for 30 min on ice for intracellular SHP-1 detection. For
KIR3DL 1high/low/negative NK cell activation studies, cells were stimulated with mouse
anti-human CD16 antibody (3G8) and crosslinked with goat anti-mouse 1gG, F(ab’),
(115-006-006) at a concentration of 13 pg/ml. KIR2DL1-, KIR2DL2/L3-, and NKG2A-
positive NK cells were excluded from the analysis with biotin-conjugated antibodies against
KIR2DL1/KIR2DL2/L3/NKG2A and Pacific Blue-conjugated streptavidin (Thermo Fisher
Scientific).

Computational modeling of NK cell signaling

The signaling proteins and receptors in the computational model were assumed to be well-
mixed in a simulation box of volume V = 2um x 2um x 0.02um. The simulation box
represents a 4 pm? area in the NK cell plasma membrane and a 0.02-um thick cytosolic
region beneath the plasma membrane. The signaling reactions were simulated through the
standard Gillespie algorithm (67), which includes intrinsic stochastic fluctuations in the
biochemical signaling reactions. Simulations were performed with the software package
Stochastic Simulator Compiler (MIT) (67). SHP-1 concentrations were varied in the
simulations from 500 to 8000 molecules in the simulation box V. The reactions, reaction
rates, and the initial protein abundances were set as previously described (34). We used
binding (kon = 6500M~1s71) and unbinding (ko = 0.0047s™1) rates for CD16 and its cognate
ligand based on reported values for the interaction of soluble CD16A with human 1gG

(68). The binding and unbinding rates for mouse NKp46 and its ligand heparin were set

t0 kon=0.0072 (uM)~1s71 and k,s=0.0029 (69). The average values of pVav and pS6 were
calculated at t = 10 min after stimulation and the averages were performed over 4000 single
cells in silico.

Sci Signal. Author manuscript; available in PMC 2022 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

Page 16

RNAseq and ATACseq analyses

RNA was isolated from sorted cell populations with TRIzol (Invitrogen), which was
followed by SMARTer amplification. Paired-end Illumina next-generation sequencing was
performed for RNAseq (70). DNA was prepared from sorted cells for ATACseq. Libraries
were sequenced on a HiSeq 2500 in High Output mode and a HiSeq4000 in a 50bp/50bp
paired end run, using the TruSeq SBS Kit v4 or HiSeq 3000/4000 SBS Kit (Illumina) as
previously described (70).

Statistical analysis

The nonparametric Wilcoxon signed rank sum test was used to compare paired ratios from
the same donor. The Mann-Whitney U test was used to compare ratios between two groups.
The Friedman test and post hoc pairwise Wilcoxon test were performed for multi-group
comparisons. Results were considered to be significant at the two-sided Plevel of 0.05. *P<
0.05; **P< 0.01; ***P< 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Low SHP-1 abundance in human NK cells correlates with high responsiveness.
(A) Flow cytometric analysis of relative SHP-1 abundance among the indicated human

NK cell subsets (stained with the polyclonal antibody C19 or the monoclonal antibody
Y476) from an HLA-C1*C2 Bw4* donor. gMFI values of SHP-1 are indicated in the
plots. Staining controls are indicated in green for KIR* or NKG2A™ cells and in black

for KIRTNKG2A™ cells. FMO, fluorescence minus one. (B) Analysis of the degranulation
of the indicated NK cell subsets in response to treatment with 721.221 cells or HLA-C1/
E-expressing 721.221 cells. Red populations are KIR-expressing or NKG2A-expressing
cells. The indicated percentages of positive cells in the dot plots were determined as a
percentage of the KIR* and NKG2A* single-positive (sp) cells or the KIR"TNKG2A™ NK
cells. (C) Ratio of relative SHP-1 abundance (as determined with the Y476 antibody) among
cells single-positive for KIR or NKG2A from 20 KIR haplotype-A homozygous donors.
(D) Ratio of the degranulation activity of the indicated NK cell subsets to K562 cells
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from the indicated HLA genotypes. Data are representative of three (A and B) independent
experiments. Data are means + SD in (C) and (D), n = 20 human donors. *P< 0.05; **P
<0.01; ***P<0.001; Friedman test and post hoc pairwise Wilcoxon test for multi-group
comparison were used. Each symbol represents an individual human donor.
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Fig. 2. Modeling NK cell responsiveness based on SHP-1 abundance.
(A) Purified NK cells were treated with the crosslinking anti-CD16 antibody for 5 min

and then fixed to detect the relative abundance of pS6 based on the amounts of SHP-1.
Unstimulated NK cells served as the control. Plots are representative of six independent
experiments. (B) Freshly purified NK cells were incubated with 721.221 cells for 15 min
and then fixed to determine the relative amounts of pS6 and SHP-1. Plots are representative
of three independent experiments. (C and D) Simulations of the amounts of pVav (C) and
pS6 (D) in 4000 cells after CD16 stimulation with increasing concentrations of human
IgG. Colored lines indicate equal amounts of SHP-1 molecules in the simulation box
(see also Materials and Methods). (E and F) Single-cell analysis of KIR3DL1* (E) and
KIR3DL1™ (F) NK cell responses to the indicated concentrations of anti-CD16 antibody
for different amounts of SHP-1. Plots are representative of two independent experiments.
(G) SHP-1 abundance among KIR3DL1M8" and KIR3DL1!°W NK cells from HLA-Bw4~
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and HLA-BW4* donors. NK cells from the same donors are paired by lines. (H) pS6
abundance among KIR3DL1M9" KIR3DL1!°%, and KIR3DL1™ NK cells after treatment
with a crosslinking anti-CD16 antibody. The indicated percentages of positive cells in the
dot plots were determined as percentages of the KIR3DL1N9" KIR3DL1!%W, and KIR3DL1~
NK cells. Plots are representative of two independent experiments from four donors in

total. Data are means £ SD in (G); n = 9 for HLA-Bw4—negative donors and n = 18 for
HAL-Bw4—positive donors. ***P < 0.001; nonparametric Wilcoxon signed rank sum test
was used. Each symbol represents an individual human donor.
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Fig. 3. Functional and transcriptional analyses of responsive murine NK cells.
(A) Analysis of the percentages of IFN-y* among Ly49l, Ly49C, and NKG2A single-

positive NK cells from B6 and 2m~'~ mice after treatment with a crosslinking anti-
NKZ1.1 antibody. Results are pooled from two independent experiments. (B) Overlap

of differentially expressed genes among Ly49l1sp, Ly49Csp, and NKG2Asp NK cells

vs. Ly49"NKG2A™ (N) NK cells that were sorted from B6 mice. (C) Representative
results of differentially expressed genes between nonresponsive and responsive NK cells:
Ly49I single-positive (1), Ly49C single-positive (C), and NKG2A single-positive (A). (D)
Flow cytometric analysis of SHP-1 abundance among educated and uneducated NK cell
populations from B6 mice. gMFI values of SHP-1 are indicated in the plots. Isotype
control antibodies are indicated in green (for Ly49* or NKG2A* cells) and black lines
(for Ly49"NKG2A™ cells). (E) Analysis of SHP-1 abundance among the indicated NK
cell populations from B6 and p2m™~ mice. Results are pooled from two independent
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experiments. (F) Analysis of SHP-1 abundance among CD45.1* NK cells 10 days after their
transfer to irradiated B6 or p2m™" recipient mice. Results are pooled from two independent
experiments. (G) Analysis of SHP-1 abundance among KIR3DL1* NK cells 8 weeks after
the transplantation of CD34* human umbilical cord blood cells into irradiated HLA-B27*
or HLA-B27~ NRG mice. Data are representative of two human donors, with cells from
each donor used to implant four NRG mice. Data are means + SD in (A), (E), (F), and (G),
n=14, 14, 14, and 8 mice. *£< 0.05; **£< 0.01; ***P< 0.001; Friedman test and post hoc
pairwise Wilcoxon test for multi-group comparison (A, E, and F), and Mann-Whitney U test
(G) were used. Each symbol represents an individual mouse.

Sci Signal. Author manuscript; available in PMC 2022 May 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wu et al.

A B Cre*-tdTomatof- Cre*tdTomato®- e
PTPN6* PTPN6**
90 ) 1 1.07
2 @ & P 223 ool B
© © | ®+ ©
E - - - 2% o8]
o ifs |
T GEE 01 O
Py 304 T halt
%’ o 5 0.6
0t— - - - - - - ~ - - 0.54+—7
0 10 108 0 102 10° 10+ 108 Cre*- Cre*-
3>SHP-1(Y476) T e
C No stimulation YAC-1 Anti-NK1.1 Anti-NKp46

>tdTomato

e -
© -
£
(o]
[t
2 P,
A S
70100 100 10+ 10 o 0 0 iy
2CD107a
D YAC-1 Anti-NK1.1 Anti-NKp46
40 [@1* 607 * 40 * 60 %* 60 %*
= _ sal5om & B 3
23Ny Taol B SR ENE! 40 =40
%20 § I\ ‘ v20{ BE S S
z =20 4 ‘T 220 2201 H
i 10 a i 10 a a
(6] O O
0 0 ol 0 0
+ - + - + - + - + -

Fig. 4. NK cells have enhanced activity when SHP-1 is reduced.

(A) TdTomato abundance among NKp46* splenic NK cells from
CreERT2*/~Ptpn6/*tdtomatof/~ mice 3 days after tamoxifen administration.

(B) SHP-1 abundance among tdTomato™ and tdTomato™ NK cells from
CreERT2*/~Ptpn6™/*tdtomatof/~ and CreERT2*/~Ptpn6*/*tdtomato/~ mice 3 days after
tamoxifen administration. (C and D) IFN-y production and CD107a activity among
tdTomato* and tdTomato™ NK cells in response to YAC-1 cells or treatment with
crosslinking anti-NK1.1 or anti-NKp46 antibodies. Paired symbols indicate populations
from the same mouse. Results are representative of three independent experiments. The
indicated percentages of positive cells in the dot plots were determined as percentages of the
tdTomato* and tdTomato™ NK cells. Data are means + SD in (B), n = 11 mice. *P < 0.05;
*#**P < 0.001; Mann-Whitney U test (B), and Nonparametric Wilcoxon signed rank sum test
(D) were used. Each symbol represents an individual mouse.
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Fig. 5. SHP-1-deficient NK cells show enhanced activity upon crosslinking of activating and

inhibitory receptors.

(A) SHP-1 abundance among NKp46*CD3~ and NKp46~CD3™ splenic lymphocytes from
CreERT2*~Ptpn6™/f mice 14 days after tamoxifen administration. (B) Experimental design.
Mixed bone marrow chimeric mice were established with both WT (CD45.17CD45.2%)

and CreERT2*~Ptpn6f/fl (CD45.1-CD45.2*) bone marrow at an equal ratio. SHP-1
abundance among splenic NK cells (NKp46*NK1.1*CD3") was evaluated 2 weeks after the
administration of tamoxifen to the chimeric animals. (C and D) Ly49l, Ly49C, and NKG2A
cell surface expression (C) and IFN-y production and CD107a activity (D) in response

to co-culture with YAC-1 cells or treatment with crosslinking anti-NK1.1 or anit-NKp46
antibodies among CD45.1"SHP-1*, CD45.1"SHP-1", and CD45.1* NK cells. Results are
pooled from two independent experiments. (E) CD45.1"CD45.2* NK cells were sorted from
chimeric animals that did or did not receive tamoxifen for 2 weeks. Differentially expressed
genes are determined by RNAseq analysis. (F) Representative and accumulated Ki67
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expression among splenic NK cells from CreERT2*/~Ptpn6f/fl and CreERT2~/~Ptpn6f/fl
mice with tamoxifen treatment. Results are pooled from two independent experiments.

(G) Representative kinetics of Fluo-8 fluorescence (Ca2* flux) after the treatment of NK
cells with antibodies against NKp46 and Ly49G2. Splenic NK cells were purified from
CreERT2*'~Ptpn6/fl and CreERT2*/~Ptpn6/fl mice 14 days after tamoxifen administration.
Ly49G2* NK cells are indicated in pink, and Ly49G2~ NK cells are indicated in black. (H)
Ly49G2-mediated inhibition among NK cells assessed by area under curve (AUC) values

of the kinetics of Ca?* flux as shown in (G). Results are pooled from two independent
experiments. (E to H) NK cells from Cre* animals were a mixture of SHP-1—positive and
—negative cells. Data are means £+ SD in (C), (D), (F), and (H), n =4, 4, 4, and 8 mice. **P<
0.01; Mann-Whitney U test (F and 1) was used. Each symbol represents an individual mouse.
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Fig. 6. The relationship between SHP-1 abundance and NK cell responsiveness.
SHP-1 is a digital regulator of NK cell responsiveness, determining the response state of a

given cell. When the abundance of SHP-1 exceeds a critical threshold, as in uneducated

NK cells, the ECsq value for the signaling network becomes infinite and NK cells

become resistant to activation, concurrently leading to the general inability to tune NK

cell activity among uneducated NK cells. SHP-1 is a negative amplitude regulator in NK

cell responsiveness. Subpopulations among educated NK cells with varying amounts of
SHP-1 have different Pmax values (pS6), despite having consistent ECsg values. The relative
amounts of SHP-1 among the NK cells were established by self-MHC-class I-specific KIR
and NKG2A in a dose-dependent manner for both receptors and ligands.
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