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Abstract

TAM receptors (Tyro3, Axl, and Mer) are receptor tyrosine kinases (RTKSs) that are expressed by
multiple immune cells including natural killer (NK) cells. Although RTKSs typically enhance
cellular functions, TAM receptor ligation blocks NK cell activation. The mechanisms by which
RTKs block NK cell signaling downstream of activating receptors are unknown. In this report, we
demonstrate that TAM receptors attenuate NK cell responses via the activity of E3 ubiquitin ligase
Cbl-b. Specifically, we show that Tyro3, Axl, and Mer phosphorylate Cbl-b, and Tyro3 ligation
activates Cbl-b by phosphorylating tyrosine residues 133 and 363. Ligation of TAM receptors by
their ligand Gas6 suppresses activating receptor-stimulated NK cell functions such as IFN-y
production and degranulation, in a TAM receptor kinase- and Cbl-b-dependent manner. Moreover,
Gasb ligation induces the degradation of LAT1, a transmembrane adaptor protein required for NK
cell activating receptor signaling, in WT but not in Cbl-b knock-out NK cells. Together, these
results suggest that TAM receptors may attenuate NK cell function by phosphorylating Cbl-b,
which in turn dampens NK cell activation signaling by promoting the degradation of LAT1. Our
data therefore support a mechanism by which RTKSs attenuate, rather than stimulate, signaling
pathways via the activation of ubiquitin ligases.

Keywords
NK cells; signal transduction; cellular activation; TAM receptors; inhibitory receptors

Introduction

The TAM receptor family is a group of receptor tyrosine kinases (RTKSs) that includes
Tyro3, Axl, and Mer [1]. TAM receptors have a highly conserved cytoplasmic kinase domain
that is activated upon binding with their ligands Gas6 or Protein S [2], [3]. TAM activation
leads to their autophosphorylation and the phosphorylation of tyrosine residues of multiple
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downstream intracellular signaling molecules [1]. In hematopoietic cells, TAM receptors are
primarily expressed by cells of the innate immune system.

One important function of TAM receptors is to clear apoptotic bodies. The phosphatidyl
serine residues of the surface membrane of apoptotic bodies bind to Gas6, serving as a
means for recognition and subsequent phagocytosis by TAM receptor-expressing
macrophages [4]. Thus, Tyro3, Axl, and Mer triple knock-out (KO) display a defect in
clearing apoptotic bodies, which causes a lupus-like spontaneous autoimmune disease [5]. In
addition, TAM receptor ligation blocks pro-inflammatory cytokine release by macrophages
and dendritic cells (DCs) [5], [6], [7]-

In addition to macrophages and DCs, TAM receptors are also expressed by NK cells [8]. NK
cells are innate lymphocytes that play an important role in killing cancerous and virally
infected cells by direct cytotoxicity and through production of inflammatory cytokines such
as IFN-y [9]. Interestingly, the expression of TAM receptors is necessary for proper NK cell
development and functional maturation [8]. In mature NK cells, TAM receptors attenuate
NK cell function. Accordingly, the inhibition of TAM receptor signaling prevents metastasis
in a mouse tumor model in an NK cell-dependent manner [10].

RTKSs are typically associated with stimulation, rather than inhibition, of activating receptor-
mediated signaling pathways. For example, ligand binding to epidermal growth factor
receptor (EGFR) stimulates the ERK, MAPK and AKT pathways, which leads to cell
growth and proliferation [11]. However, TAM receptors are unique within the RTK family in
that they are able to both promote and inhibit signal transduction pathways.

The mechanism by which TAM receptors inhibit innate immune cells has only been well
described in DCs, where the TAM receptor AxI is induced upon Toll-like receptor (TLR)
activation by foreign pathogens. AxI associates with the type | interferon receptor, which
activates the JAK/STAT pathway and drives the transcription of the suppressor of cytokine
signaling (SOCS1 and 3) genes [7], [12], which are ubiquitin ligases that inhibit cytokine
receptor and TLR-mediated signaling.

Cbl-b, another E3 ubiquitin ligase, was also found to be associated with TAM receptors in an
in vitro proteomics assay [10]. Cbl-b ubiquitinates TAM receptors, causing decreased
surface expression, likely through lysosomal degradation [10]. Although this interaction
appeared to be important for the TAM receptor function in NK cells, the mechanism by
which TAM receptors attenuate NK cell function is still unclear.

In this report, we find that while TAM receptors are targets for Cbl-b-mediated
ubiquitination, Cbl-b is also a phosphorylation target for TAM receptors. Our data suggest
that TAM receptors may attenuate NK cell function by phosphorylating Cbl-b, promoting
the degradation of LAT1, a key protein necessary for activating receptor-mediated signaling
in NK cells [13].
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Gas6 inhibits IFN-y production and degranulation by WT NK cells

To examine the effect of TAM receptor-mediated signaling on NK cell activation, we
stimulated IL-2-expanded NK cells (Lymphokine Activated Killer cells, LAKS) by ligating
the activating receptors NK1.1 and NKG2D in the presence or absence of the TAM receptor
ligand Gas6, and measured the production of IFN-y and cell-surface CD107a expression (a
surrogate for degranulation). The addition of Gas6 significantly decreased the proportion of
IFN-y* and CD107a* anti-NK1.1- or anti-NKG2D-stimulated LAKSs (Fig.1A-C). To test
whether a similar effect was observed in NK cells removed freshly ex vivo, NK cells from
WT mice pre-treated with the viral mimetic Polyl:C were stimulated in the presence or
absence of Gas6. Similar to LAKSs, a decreased fraction of IFN-y* and CD107a* NK cells
was detected in freshly isolated NK cells treated with Gas6 and stimulated with anti-NK1.1
(Fig.1D-F). These data demonstrate that TAM receptor ligation negatively regulates NK cell
activation.

TAM receptor Tyro3 phosphorylates tyrosine residues 133 and 363 of Chl-b

It has been previously shown that TAM receptors are direct targets of the ubiquitin ligase
Chbl-b and that these interactions are important for TAM receptors to attenuate NK cell
function [10]. To further examine the interaction between TAM receptors and Cbl-b, we
generated recombinant phosphorylated Tyro3 and a truncated Chl-b composed of the
tyrosine kinase binding and RING finger domains (TKB+RF). As previously reported [10],
the addition of Cbl-b to purified Tyro3 induced the ubiquitination of Tyro3 (Fig. 2A). While
Chbl-b typically needs to be pre-activated by Lck-mediated phosphorylation to carry out its
ubiquitinating function [14], we unexpectedly found that Cbl-b was able to ubiquitinate
Tyro3 in the absence of Lck. Given that Tyro3 is a kinase, this raised the possibility that
Tyro3 might be phosphorylating and activating Cbl-b. Indeed, phosphorylated Cbl-b was
detected when Cbl-b was mixed with both Tyro3 and ATP (Fig. 2B). These data suggest that
not only was Tyro3 a ubiquitination target of Cbl-b, but also that Cbl-b was a
phosphorylation target of Tyro3. Furthermore, recombinant Axl and Mer were also able to
phosphorylate Chl-b (Fig. 2B).

To test whether Cbl-b is phosphorylated upon TAM receptor ligation in NK cells, we next
examined Cbl-b phosphorylation in LAKS treated with Gas6. Consistent with our purified
protein assay results, the treatment of LAKs with Gas6 induced the phosphorylation of Cbl-
b (Fig. 2C). To ensure that the phosphorylation was TAM kinase-dependent, we pre-treated
LAKSs with the pan-TAM kinase inhibitor BMS777607 for 30 minutes prior to stimulation
with Gase; this resulted in the reduction of Cbl-b phosphorylation to baseline levels (Fig.
2D), suggesting that the induction of Chl-b phosphorylation by Gasé was TAM kinase-
dependent. The ligation of activating receptors such as Ly49D and CD16 can also lead to
phosphorylation of the Cbl-b homologue c-Cbl [15], likely as a feedback mechanism to
attenuate NK cell overactivation. To test whether Gas6 has a cumulative effect in enhancing
Cbl-b phosphorylation with an activating receptor stimulus, we stimulated LAKs with anti-
NKZ1.1 with or without Gasé. Stimulation of LAKSs with anti-NK1.1 antibody PK136 led to
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minimal phosphorylation of Chl-b, which was synergistically enhanced by Gas6 (Fig. 2D).
These data collectively suggest that TAM receptors directly phosphorylate Cbl-b.

Tyrosines 106, 133, and 363 have been previously shown to be required for the ligase
activity of Cbl-b [14], [16], [17]. Phosphorylation of Tyr363 opens Cbl-b from its auto-
inhibitory confirmation, allowing E2 and substrates to bind to Cbl-b [16]. To determine
which of the tyrosines of Cbl-b could potentially be phosphorylated by Tyro3, we examined
Tyro3-dependent phosphorylation of Cbl-b mutants harboring single Y—F mutations at
residues Tyr106, Tyrl33, and Tyr363, and a triple mutation of all tyrosines
('Y106/133/363F). Following co-incubation of Y133F, Y363F, and Y106/133/363F mutants
with Tyro3, we found a decrease in phospho-Cbl-b, in comparison to WT Cbl-b (Fig. 2E).
These data suggest that Tyr133 and Tyr363 are the primary tyrosine residues that are
phosphorylated by Tyro3.

To test whether phosphorylation of Cbl-b at Tyr133 and/or Tyr363 by Tyro3 is important for
its ubiquitin ligase function, we examined the ubiquitination of the Cbl-b mutants and Tyro3.
Tyrl06, Tyrl33, and Tyr363 have been previously shown to be required for the auto-
ubiquitination of Cbl-b [17]. Ubiquitinated Tyro3 and Cbl-b bands were detected when
Tyro3 is mixed with WT Cbl-b (Fig. 2F). These ubiquitination bands were slightly decreased
in the Y133F mutant and almost undetectable in the Y363F and triple mutants. These results
show that Tyro3 regulates the function of Cbl-b by phosphorylating Tyr363 of Cbl-b.

TAM receptors attenuate NK cell function by phosphorylating Cbl-b, which promotes LAT1

degradation

Cbl-b negatively regulates NK cell function by ubiquitinating key signaling molecules and
targeting them for re-localization or degradation [13]. Thus, we hypothesized that TAM
receptors might inhibit NK cell function by activating Cbl-b through its phosphorylation. To
test this possibility, we first examined whether the kinase activity of TAM receptors was
necessary for the suppression of NK cell activation. Cells were pretreated with the pan-TAM
kinase inhibitor BMS777607 for 2 hours prior to stimulation with plate-bound anti-NK1.1 or
anti-NKG2D in the presence of Gas6. The suppressive effect of Gasé on LAK IFN-y
production and degranulation was partially reversed by BMS777607, suggesting that Gas6
may regulate NK cells at least in part by the kinase activity of TAM receptors (Fig. 3A,
Supplemental Fig. 2).

Next, we determined whether Cbl-b was functionally required for TAMs to inhibit NK cells.
Chl-b KO and WT LAKSs were stimulated with plate-bound anti-NK1.1 or anti-NKG2D
antibodies in the presence or absence of Gas6, and the supernatants were assayed for IFN-y
by ELISA at 24 hours. Consistent with our flow cytometric data, the addition of Gas6 to WT
LAKS significantly inhibited IFN-y release. However, Gas6 treatment displayed no
inhibitory effect towards anti-NK1.1 or anti-NKG2D-stimulated Cbl-b KO LAKSs (Fig.3B-
C, Supplemental Fig. 3). Together, these data suggest that the phosphorylation of Cbl-b is
required for the Gas6/TAM pathway to inhibit pro-inflammatory cytokine production by NK
cells.
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To gain insight into how the TAM/Cbl-b pathway may be regulating NK cell signaling, we
assessed for degradation of PLCy1, the p85 subunit of PI3K, and LAT1- key signaling
molecules downstream of NK cell activating receptors and known targets for ubiquitination
and degradation by Cbl-b [13]. Upon Gas6 ligation, only LAT1 levels were decreased over
time in WT LAKS (Fig. 3D), whereas Cbl-b KO LAKSs were unaffected (Fig. 3E). Together,
these data support a novel mechanism whereby TAM receptors negatively regulate NK cell
function by phosphorylating Tyr363 of Cbl-b, which in turn dampens NK cell activation
signaling by promoting the degradation of positive signaling molecules such as LAT1 (Fig.
4).

Discussion

TAM receptors are RTKSs that inhibit the pro-inflammatory function of a variety of cell
types. While it has been shown that TAM receptors attenuate DC function through the
transcriptional induction of SOCS proteins [7], the mechanism by which TAM receptors
attenuate activating receptor-stimulated NK cell function is unknown. In this report, we
provide data that supports a mechanism by which TAM receptors attenuate pro-
inflammatory responses via post-translational modification of the E3 ubiquitin ligase Cbl-b.
By activating Cbl-b through its phosphorylation, TAM receptor ligation can inhibit NK cell
function potentially by inducing the degradation of key molecules necessary for activating
receptor signaling, such as LAT1.

RTKSs are typically associated with stimulation rather than inhibition of activating receptor-
mediated signaling pathways [11]. Accordingly, the tyrosine kinase activity of TAM
receptors activates Erk, Akt, and NFxB — key signaling pathways required for NK cell
cytokine production [1]. Thus, it is puzzling that TAM receptors attenuate, rather than
augment, NK cell function. Our data reveal the mechanism by which RTKs inhibit activating
receptor stimulation in NK cells. Namely, by phosphorylating and activating Cbl-b, TAM
receptors can selectively suppress signaling through activating receptors by targeting LAT1
for degradation.

Cbl-b has been shown to negatively regulate T cells, macrophages, and more recently NK
cells [18]. In T cells, Cbl-b has been shown to ubiquitinate not only the T cell receptor, but
also downstream signaling molecules such as p85, PLC+y, and PLC-6 — which are all
required for T cell effector function [19]. In NK cells, Cbl-b has also been shown to
ubiquitinate key signaling molecules including the transmembrane adaptor protein LAT1
[13]; LAT1 is part of the multi-molecular signaling complex that forms downstream of
activating receptors and is required for signaling and cytolytic activity [20],[21].

Along with LAT1, we also assessed the stability of other key signaling molecules such as
PLC+y1 and the p85 subunit of PI3K after Gas6 stimulation. Although only LAT1 degraded
after 60 minutes of Gas6 stimulation, lack of degradation of these proteins does not preclude
them from being involved in TAM/Cbl-b-mediated inhibition of NK cell activation.
Ubiquitination can also affect localization of the protein within the cell, block
posttranslational modifications, or can even alter binding to other proteins [22],[23].
Therefore, although these proteins are not degraded upon Gas6 stimulation, Cbl-b may still
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be regulating NK cell responses by changing their localization. In addition, although our
results show that Gas6-mediated LAT1 degradation is mainly controlled by Cbl-b, other
additional ubiquitin ligases can be involved LAT1 degradation.

Our investigation was initially prompted by a previous report showing that TAM receptors
are ubiquitinated by Cbl-b [10]. In this study, Gas6 treatment of NK cells led to a decrease in
surface expression of TAM receptors in a Cbl-b-dependent manner. This ubiquitin-
dependent endocytosis of TAM receptors was proposed to be necessary for the induction of
its inhibitory signal transduction pathway. Consistent with these data, we also found that
Tyro3 is ubiquitinated by Cbl-b. However, while it is possible that Cbl-b-mediated
endocytosis of TAM receptors is critical for the inhibitory function of TAM receptors, it
remained unclear as to how this endocytosis could subsequently inhibit NK cell functions.
Instead, our data favor a model in which the inhibitory function of TAM receptors is carried
out by Cbl-b-mediated ubiquitination of activating receptor-associated signaling molecules.
In this model, the downregulation of TAM receptors by Cbl-b-mediated ubiquitination could
play a role in feedback attenuation of TAM receptor signaling. In support of this type of
negative feedback, another RTK, epidermal growth factor receptor (EGFR), has been shown
to be ubiquitinated by a homolog of Cbl-b, c-Cbl [24].

Despite differences in the molecules involved, there are similar mechanisms by which TAM
receptors inhibit cytokine production in DCs; in these cells, AxI ligation up-regulates the
transcription of the ubiquitin ligases SOCS1 and SOCS3, which block TLR-mediated
(MyD88 and TRIF) and cytokine-mediated (JAK/STAT) signaling [7]. While the increased
expression of SOCS1 and SOCS3 does not affect activating receptor-mediated activation in
NK cells, TAM receptors post-transcriptionally activate Cbl-b, which downregulates
components of activating receptor-mediated but not TLR- or cytokine-mediated signaling.
Thus, TAM receptors may (through two independent mechanisms) induce ubiquitin ligase-
mediated attenuation of signaling through TLRs, cytokines, and activating receptors, to
provide broad range control of signaling pathways in innate cells of the immune system.

Materials and Methods

Mice

Cbl-b KO mice were generated and generously provided by Richard Hodes (National Cancer
Institute, Bethesda, MD). SJIL/Thy1.1 were created by breeding B6.SJL and B6.PL1 mice.
B6.SJL, B6.PL1, and C57BL/6 mice were purchased from The Jackson Laboratory. Mice
were sacrificed and analyzed between 8 and 12 weeks of age. Mice were housed in
pathogen-free conditions and treated in strict compliance with the Institutional Animal Care
and Use Committee regulations at the University of Pennsylvania.

Reagents, Flow cytometry, antibodies, and data analysis

Recombinant murine Gas6 was purchased from R&D systems (Minneapolis, MN).
Recombinant Axl and Mer were purchased from SignalChem (Richmond, BC, Canada).
TAM inhibitor BMS 777607 was purchased from Santa Cruz Biotechnology (Dallas, TX).
Antibodies for NK cell stimulation and phenotyping were purchased from BD Pharmingen
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(San Diego, CA), BioLegend (San Diego, CA), eBioscience (San Diego, CA), Bio X Cell
(West Lebanon, NH), and Molecular Probes, Invitrogen (Carlsbad, CA). Western blot
antibodies were purchased from Cell Signaling Technology (Danvers, MA), Santa Cruz
Biotechnology (Dallas, TX), or Sigma Aldrich (St. Louis, MO). All chemicals are from
Sigma Aldrich (St. Louis, MO), unless otherwise specified.

For flow cytometric analysis, single-cell suspensions were stained with fluorochrome-
labeled antibodies in PBS for 30 minutes at 4 °C. Fc receptors were blocked with anti-
CD16/32 antibodies (BD Pharmingen). Lymphocytes were identified by their scatter
properties (FSC-A x SSC-A plot), followed by exclusion of doublets by gating on FSC-H x
FSC-W and SSC-H x SSC-W as per guidelines set by Cossarizza, et al. and illustrated in
Supporting Information (Figure S1A) [25]. LAKSs were identified by fluorochrome-labeled
antibodies against CD4, CD8, NK1.1, and NKG2D (BD Pharmingen), including Live/Dead
(Invitrogen). Data were acquired using a multicolor flow cytometer FACSCanto equipped
with FACSDiva software (BD Biosciences). Data analysis was performed using FlowJo (BD
Biosciences). Statistical analysis was performed using Prism (GraphPad, San Diego, CA)
computer software.

NK cell stimulation assays

Splenocytes from 10-12 week old WT or Chl-b KO mice were stained with anti-DX5-biotin
antibody, enriched using anti-biotin MACS beads (Miltenyi Biotec), and expanded in LAK
media [MEMa, 10 mM HEPES, 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 1
x 107> M 2-mercaptoethanol, and 1000 U/ml human IL-2 (PeproTech)] for at least 5 days to
create LAKSs. After 5-6 days of expansion, ~80-90% of the LAKSs in culture were NK cells
(CD4=CD8"NK1.1%).

For NK cell activation, freshly isolated splenocytes (untreated or from Poly I:C-injected
mice, 200 pg per mouse, injected i.p. 16 hours before harvesting) or LAKSs were rested
(deprived of IL-2 and serum) for 2 hours with 450 ng/mL Gas6 and then cultured with PE-
labeled anti-CD107a (0.4 pg/ml), IL-2 (1000 U/ml), and brefeldin A (10 ug/ml) for 5 hours
in tissue culture plates that were pre-coated with antibodies against NK cell-activating
receptors NK1.1 (PK136) or NKG2D (HMG2A) plated at 30 ug/ml overnight at 4 °C.
Unstimulated and PMA/lonomycin controls shown in the figures did not contain exogenous
hIL-2. The cells were then stained with cell surface antibodies, fixed and permeabilized (BD
Biosciences), intracellularly stained with anti- IFN-y antibody, and analyzed by flow
cytometry. In experiments involving the TAM inhibitor BMS 777607, splenocytes were
preincubated with 100 nM of the inhibitor for 2 hours before stimulation, and the inhibitor
was maintained throughout the assay. To measure IFN-y release in the supernatant, LAKSs
were deprived of serum and IL-2 for 2 hours and simultaneously pre-treated with 450 ng/mL
murine Gas6 at 37 °C. Cell free supernatant was collected 24 hours later after stimulation
with anti-NK1.1 and anti-NKG2D, and IFN-y content was measured by ELISA
(BioLegend). All experiments were performed in serum-deprived conditions during the
stimulation to avoid contamination of our cultures with Gas6, which is present in FBS.
When using LAK cells, the cells were starved of I1L-2 for 2-18 hours prior to stimulation,
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since long term culture in IL-2 led to high baseline levels of Chl-b phosphorylation (data not
shown).

Western Blot and Immunoprecipitation

For immunoprecipitation of phosphotyrosine, LAKs were serum-starved for 4 hours and
IL-2-starved for 18 hours, followed by incubation with the proteasome inhibitor MG132 (5
UM, SelleckChem) for 30 minutes and stimulation with 450 ng/mL recombinant murine
Gasb6 for various time points at 37 °C. In some experiments, cells were co-incubated with
MG132 and the pan-TAM inhibitor BMS777607 (300 nM), 30 minutes prior to Gasé
stimulation or incubated with anti-NK1.1 antibody (30 pg/ml) with or without 450ng/mL
Gas6 for 60 minutes. Protein was extracted with protein lysis buffer (Pierce Crosslink
Magnetic IP/Co-1P Kit; Thermo Scientific) containing a cocktail of protease and
phosphatase inhibitors (dichloroisocoumarin, benzamidine hydrochloride, sodium
orthovanadate, sodium pyrophosphate, and sodium fluoride). Lysis was performed on ice for
5 minutes while vortexing followed by the addition of 10 ug deubiquitinating enzyme
Usp2core (Life Sensors) for 1 hour at room temperature. 5 pg of PY20 antibody was
prepared for immunoprecipitation using Pierce Crosslink Magnetic IP/Co-IP Kit.
Crosslinked antibodies were incubated with lysates for 1 hour at room temperature. Samples
were run on SDS-PAGE gels, transferred to nitrocellulose membranes, and blotted for Cbl-b.

For western blot lysates, LAKs were serum-starved for 4 hours and stimulated with 450
ng/mL recombinant murine Gas6 for various time points at 37 °C. Protein was extracted
using 1% NP-40 lysis buffer containing a protease inhibitor cocktail (Roche) and
phosphatase inhibitors. Samples were run on SDS-PAGE gels, transferred to nitrocellulose
membranes, and blotted for the indicated protein. The band intensity of LAT1 and the
loading control B-actin were measured by ImageJ and the ratio was normalized to
unstimulated conditions.

Production and purification of proteins

Human Cbl-b TKB+RF (residues 38-429) and Tyro3 kinase catalytic domain (residues 495—
810) were cloned into pET-24d(+)-based vectors for bacterial expression. Tyro3 isolated
from E. coliwas found to be in a phosphorylated state, possibly due to autophosphorylation.
Cbl-b point mutations (Y106F, Y133F, and Y 363F), in addition to a compound mutant
(Y106/133/363F) were generated from plasmid pE-10xHis-HA-Cbl-b TKB+RF by site-
directed mutagenesis. WT and mutant Cbl-b TKB+RF proteins were purified from IPTG-
induced bacteria transformed with the various constructs. The cells were lysed and sonicated
for 30 seconds x 3 cycles, loaded onto HIS-select spin columns (Sigma), and purified
according to the manufacturer’s protocol. To remove the imidazole contained in the elution
buffer prior to assays, buffer exchange was performed using NAP-5 Sephadex G-25 columns
(GE Healthcare) using 20 mM Tris HCI pH 8.0. Proteins were stored in 150 mM NaCl, 10%
glycerol, and 10mM DTT for stability. Protein concentration was measured using Pierce 600
nm kit (Thermo Scientific).
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Phosphorylation and ubiquitination assays

ATP (0.2 mM), WT or mutant Cbl-b recombinant protein (500 nM), and p-Tyro3 (50 nM),
p-Axl (100 nM), or p-Mer (100 nM) were added to a final volume of 50 pL in kinase assay
buffer (50 mM Bicine pH8.0, 5 mM MgCI2, 0.05% Chaps, and 1mM beta-mercaptoethanol)
and incubated at 25 °C for 1 hour. For ubiquitination assays, E1 (5 nM), E2 (100 nM), ATP
(0.2 mM), ubiquitin (600 nM), p-Tyro3 (50 nM), and Cbl-b (50 nM) were incubated in
kinase assay buffer for 1 hour at room temperature in a final volume of 20 puL. The E2
enzyme used in the assays was UBE2D3/UbcH5C (LifeSensors). The reactions were
stopped with 4X sample buffer (NuPage) with 100 mM DTT and immunoblotted with anti-
phosphotyrosine or with anti-ubiquitin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

TAM Tyro3, Axl, Mer

RTK receptor tyrosine kinase

NK natural killer

LAKs lymphokine-activated killer cells
Cbl-b Casitas B- lineage lymphoma b
IFN v interferon gamma

LAT linker for activation of T cells
KO knock-out

DCs dendritic cells

EGFR epidermal growth factor receptor
SOCS suppressor of cytokine signaling
TLR Toll-like receptor

TKB tyrosine kinase binding

RF ring finger
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ATP adenosine triphosphate

ELISA enzyme-linked immunosorbent assay
i.p. intraperitoneal

PMA Phorbol 12-myristate 13-acetate
PI13K Phosphoinositide 3-kinase

PLCy1 Phospholipase C gamma 1
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Fig 1. Gas6 inhibits | FNy production and degranulation by WT NK cells stimulated through

activating receptors.
LAKSs were serum/IL-2-starved for 2 hours, pre-treated with or without Gas6 for 2 hours,

and left unstimulated (Unstim) or stimulated with PMA/Iono, anti-NK1.1, or anti-NKG2D
for 5 hours and analyzed by flow cytometry using the strategy illustrated in Supporting
Information (Figure S1A). (A) Representative flow cytometric plots of IFN-y* and CD107a
* LAK cells are shown. (B) The fraction of IFN-y-expressing and (C) CD107a-expressing
LAKSs from 4 independent experiments are shown (n = 4 mice for anti-NK1.1 and n=5 mice
for anti-NKG2D). (D) Splenoctyes from Poly I:C-treated mice were pre-treated with or
without Gas6 for 2 hours and left unstimulated (Unstim) or stimulated with PMA/lono or
anti-NKZ1.1 for 5 hours and analyzed by flow cytometry using the strategy illustrated in
Supporting Information (Figure S1B). Representative flow cytometric plots of IFN-y* and
CD107a* NK cells are shown. The fraction of (E) IFN-y-expressing and (F) CD107a—
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expressing splenocytes of 4 independent experiments are shown (n =4-5 mice). *p<0.05 and
**p<0.01 by paired Student t test, respectively; ns, not significant.

Eur J Immunol. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chirino et al.

Page 14
A B
HA-Tyro3 _ 4+ 4 His-Axl - + 4+ GST-Mer — 4+ 4+
HA-Tyro3 + 4+ chlb o+ o+ o+ Cblb + + +  Cblb o+ + o+
Cbl-b -+ ATP + -+ APt -t ATP  * — o+
IB: HA IB: PY20
170 — ' 150—
130— 0= 00—
10— Ub(m)- 130 100— 75— % @ p-Mer
100 — 75—
70— Tyro3 50—
55 o 0= ST T e
. 55— 37— P
s— . 45— & -coi-d
35— ME-P TS S - Tyr03
C 0 10 30 60° IgG WCL
IP: PY20
10— - . 8 s oo F %é‘
o S “‘?‘\
& o &
o gﬂ '5‘° ’bbx @
F& 4@ @9 o & IB: Ubiquitin
D 60 60 60 60 ¥ WCL
e ol S [P: PY20
IB: Cbl-b Ub(n)-Tyro3
Ub(n)-Cbl-b
¢ & &
K & & EFEE
B IB: PY20
50— i ‘
- G p-Cbl-b
-

Fig 2. TAM receptor Tyro3 phosphorylatestyrosine residues 133 and 363 of Cbl-b.
(A) HA-tagged Tyro3 was incubated with truncated Cbl-b (TKB+RF), E1, E2, ubiquitin, and

ATP in vitro for 1 hour and immunoblotted with anti-HA antibody. (B) Truncated Cbl-b
(TKB+RF) was incubated with or without recombinant Tyro3, Axl, or Mer and with or
without ATP in vitro and immunoblotted with anti-phosphotyrosine antibody. (C) LAKS
were IL-2-starved for 18 hours and serum-starved for 4 hours followed by stimulation with
Gasé6 for various time points or (D) followed by stimulation with or without Gas6, BMS
777607 with Gas6, or anti-NK1.1 (PK136) with or without Gas6 for 60 minutes. Lysates
were de-ubiquitinated with DUB USp2core, followed by immunoprecipitation with anti-
phosphotyrosine and immunoblotting with anti-Cbl-b antibodies. (E) 10XHis-tagged Y—F
Cbl-b point mutants were incubated with Tyro3 and ATP, followed by immunoblotting with
anti-phosphotyrosine antibody. Y 3F refers to Y106/133/363F triple mutant. (F) 10XHis-
tagged Y—F Cbl-b point mutants were incubated with Tyro3, E1, E2, ubiquitin, and ATP
for 1 hour and immunoblotted with anti-ubiquitin antibody. One representative of three
independent experiments is shown.
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Fig 3. TAM receptorsattenuate NK cell function by phosphorylating Cbl-b, which promotes
LAT1 degradation.
(A) LAKSs were treated with media (0.05% DMSO) or BMS 777607 (100 nM) for 2 hours in

IL-2/serum-free conditions, followed by treatment with or without Gasé for another 2 hours
prior to stimulation with anti-NK1.1 or NKG2D for 5 hours. Data is shown as mean %
inhibition {(Untreated - Gas6-treated)/Untreated]*100} + SEM of 4 independent
experiments (n = 4-5 mice for anti-NK1.1 and n=5-6 mice for anti-NKG2D). P values were
determined by paired Student t test. (B) WT and Cbl-b KO LAKSs were serum/IL-2-starved
for 2 hours, followed by Gas6 treatment for 2 hours, and stimulated with anti-NK1.1 or (C)
anti-NKG2D antibodies for 24 hours. IFN+y content in the supernatants was measured by
ELISA. Data are represented as % of control + SEM of n=4 mice for anti-NK1.1 and n=3
mice for anti-NKG2D. *p< 0.05 and ***p <0.001 by paired Student t test. ns, not
significant. (D) LAKSs were serum and IL-2-starved for 4 hours followed by Gas6
stimulation for various time points. Cell lysates were immunoblotted with anti-PLC-y1, anti-
p85, anti-LAT1, and B-actin antibodies. (E) LAKs from WT and Cbl-b KO mice were serum
and IL-2 starved for 4 hours followed by Gas6 stimulation for various time points. Cell
lysates were immunoblotted with anti-LAT1 and B-actin antibodies. The relative ratio of
LAT1 to B-actin for each time point, normalized to the O timepoint for each genotype, is
shown below the blots. One representative of three independent experiments is shown.
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Fig 4. Gas6/TAM signaling inhibits NK cell activation through Cbl-b.
Gas6 binds and activates TAM receptors, which directly phosphorylates Chl-b.

Phosphorylated Cbl-b, in turn, ubiquitinates and targets LAT1 for degradation. NK1.1/
NKG2D signaling is attenuated by decreased LAT1 protein, which is required for signal
transduction downstream of NK cell activating receptors.
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