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Abstract

The E3 ubiquitin ligase Cbl-b has been characterized as an intracellular checkpoint in T cells;
however, the function of Cbl-b in primary human natural Killer (NK) cells, an innate immune anti-
tumor effector cell, is not well defined. Here we show that the expression of Cbl-b is significantly
upregulated in primary human NK cells activated by I1L-15, IL-2 and the human NK cell-sensitive
tumor cell line K562 that lacks MHC class | expression. Pre-treatment with JAK or AKT
inhibitors prior to 1L-15 stimulation reversed Cbl-b upregulation. Downregulation of Cbl-b
resulted in significant increases in granzyme B and perforin expression, IFN-y production and
cytotoxic activity against tumor cells. Collectively, we demonstrate upregulation of Cbl-b and its
inhibitory effects in IL-15/IL-2/K562-activated human NK cells, suggesting that Cbl-b plays a
negative feedback role in human NK cells.
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Introduction

Natural Killer (NK) cells are part of the innate immune system and act as the first line of
defense-against infectious pathogens and tumors through cytotoxicity and cytokine
production (1-3). NK cells were first described for their ability to spontaneously lyse target
cells without any prior priming or restriction to target cells expressing major
histocompatibility complex (MHC) molecules (4, 5). The genesis, survival, proliferation and
activation of NK cells are regulated in large part by IL-15, which binds the IL15RBy
expressed on NK cells or its precursors resulting in activation of JAK3 and the subsequent
phosphorylation of STAT5 (6). NK cells express both activating and inhibitory receptors that
receive their signals by engaging with target cell ligands, which then activate or inhibit NK
cell function (7, 8). NK cells themselves can express non-MHC class | specific inhibitory
receptors or “checkpoints” including programmed death-1 (PD-1), T cell immunoreceptor
with Ig and ITIM domains (TIGIT), lymphocyte activation gene 3 protein (LAG3) and T cell
immunoglobulin domain and mucin domain-3 (TIM-3) that can suppress NK cell function,
and may represent new targets for checkpoint blockade-based NK cell immunotherapy (9).

The Casitas B-cell lymphoma (Cbl) protein family, which includes Cbl-b and c-Cbl in
mammals, represents RING-finger domain-containing E3 ubiquitin ligases and provides
critical inhibitory signaling for the proper regulation of protein tyrosine kinases (PTKSs) (10,
11). Cbl-b also regulates CD28-dependent T cell activation by selectively suppressing TCR-
mediated Vav activation (12). Additionally, Cbl-b regulates peripheral T cell tolerance, and
the loss of Cbl-b results in the onset of autoimmunity (13). The Cbl family plays an
important role in the induction of B-cell immune tolerance (14). Deleting Cbls in germinal
center (GC) B cells abolishes antibody affinity maturation via the early exit of high-affinity
antigen specific B cells from the GC (15).

NK cell activation is carefully titrated between activating and inhibitory signals in order to
maintain effective immune surveillance and avoid auto-reactivity. In human NK cells
expressing KIR2D1, following inhibitory receptor engagement, the expression level of Cbl-b
is increased (16). In Cb/-b™~ mice, such activation results in significantly higher
proliferation and interferon (IFN)-y secretion when compared to NK cells from wild-type
mice, yet there appears to be no difference in NK cell development. These data support the
notion that Cbl-b is a negative regulator of murine NK cell proliferation and effector
function (17). However, to our knowledge, the function of Cbl-b in human NK cells has not
been explored. Our current study revealed that the expression of Cbl-b is significantly
increased following activation of primary human NK cells. Knockdown of Cbl-b in resting
and IL-15-activated NK cell enhances cytotoxicity and expression of granzyme B, perforin
and IFN-y. Our data suggest a negative feedback role of Cbl-b in activated human NK cells.

Materials and methods

Isolation of primary human NK cells

Blood leukopacks were obtained from City of Hope National Medical Center Blood Bank
under the institutional review board approved protocols. NK cells were isolated by using the
RosetteSep ™ human NK cell enrichment cocktail (StemCell Technologies) and Ficoll-Paque
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(GE Healthcare). The purity of primary NK cells was confirmed with flow cytometry using
anti-CD56 (Beckman Coulter, Cat# B46024) and anti-CD3 (Miltenyi Biotec, Cat#
130-113-134) antibodies. CD3~CD56P19M, CD3-CD564M NK cells and total NK cells co-
cultured with tumor cells were sorted using an Aria Fusion sorter (BD Biosciences).

Molm-13, EOL-1 and MV4-11 cell lines were purchased from the American Type Culture
Collection (ATCC). Molm-13 and EOL-1 cell lines were cultured in RPMI with 10% heat-
inactivated FBS (Sigma-Aldrich), and MV4-11 in IMDM with 10% FBS. All cells were
incubated at 37°C in a 5% CO» humidified incubator.

Antibodies and other reagents

Antibodies to Cbl-b (#9498), Granzyme B (#17215), perforin (#62550) and Mertk (#4319)
for immunoblotting analysis were purchased from Cell Signaling Technology (CST) and p-
Mertk (#ab14921) from Abcam. An antibody to p-actin (#MAB1501R) for immunoblotting
analysis was purchased from Millipore-Sigma. For flow cytometric analysis, the anti-
hCD56-APC antibody (#B46024) was purchased from Beckman Coulter, anti-hCD3
(#130-113-134) and anti-hIFN-y (#130-113-493) from Miltenyi Biotec, and anti-hTyro3
(FAB859P), anti-hAxl (#FAB154P) and anti-hMertk (FAB8912P) from R&D. The
scrambled and Cbl-b-specific Accell siRNAs were purchased from Dharmacon.
Recombinant human IL-2 and IL-15 proteins were obtained from National Institutes of
Health (NIH). Recombinant human IL-7, IL-12, IL-18 and 1L-21 were purchased from
Miltenyi Biotec.

Transient transfection

Primary human NK cells were transfected with Accell siRNA by using the Accell delivery
media from Dharmacon. Gene knockdown efficiency of sSiRNA was determined with
immunoblotting analysis.

Reverse transcription-polymerase chain reaction

Total RNA was isolated from primary NK cells with the RNeasy Mini Kit (Qiagen).
Complementary DNA (cDNA) was generated by Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Invitrogen) and amplified by qPCR with SYBR Green PCR Master
Mix (Applied Biosystems) and gene-specific primers. Relative amplification values were
normalized to the amplification of GAPDH or 18S rRNA.

Immunoblotting

Cells were harvested and suspended in RIPA lysis buffer (Thermo Fisher Scientific) on ice
for 20 minutes. Equal amount of protein was resolved by 5-15% Criterion TGX gel (Bio-
Rad) and then transferred onto a Nitrocellulose (NC) or PVDF membrane (Thermo Fisher
Scientific). The membrane was incubated with a primary antibody at 4°C overnight and an
IRDye secondary antibody (Li-COR Biosciences) for 1 hour at room temperature. The
immunoblots were visualized with Odyssey CLx Imager (Li-COR Biosciences).

J Immunol. Author manuscript; available in PMC 2021 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

ELISA

Page 4

Densitometric analysis was performed to quantify intensity of gel bands with Image J
(National Institutes of Health).

Primary NK cells were plated in an equivalent number of 100,000 cells/well in a 96-well
plate in RPMI and supplemented with 10% FBS. Cells were treated with recombinant
human IL-15 (10 ng/ml) for 24 h, and cell-free culture supernatant was collected and frozen
at —80°C for later use. IFN-y concentration was measured by ELISA using anti-IFN-y
antibody from Thermo Fisher Scientific. Granzyme B concentration was measured by
ELISA kit purchased from R&D.

5SlCr-release cytotoxicity assay

S1cr cytotoxicity assay was performed as described previously (18). Primary NK cells were
transduced with siRNAs in Accell delivery media for 24 h, followed by being treated with or
without IL-15 (2 ng/ml) for another 16 h. The treated NK cells were co-cultured with 51Cr
labeled Molm-13, MV4-11 and EOL-1 cells in triplicates in a 96-well U-bottom plate at
multiple ET ratios for 4 h at 37°C in a 5% CO> incubator. The supernatant was harvested
from each well and transferred into 96-well Luma plate and analyzed using a Microbeta
scintillation counter (Wallac, PerkinElmer).

Flow cytometry

For flow cytometry to determine protein cell surface expression, cells were stained with
monoclonal antibodies at room temperature for 20 minutes and washed with FACS buffer
prior to analysis using a Fortessa X-20 flow cytometer (BD Biosciences). For IFN-y
intracellular flow cytometric analysis, 1 mg/ml GolgiPlug (BD Biosciences) was added for 4
h before cell harvest; cells were then permeabilized and fixed using a Cytofix/Cytoperm
Fixation/Permeabilization Solution Kit (BD Biosciences), followed by analysis with a
Fortessa X-20 flow cytometer. Intracellular flow cytometric analysis of Mertk was
performed similarly except that GolgiPlug was not added. Data was analyzed by using
Flowjo V10 software (Tree Star, Ashland, OR, USA).

Statistical analysis

Results

For continuous, normally distributed data, student two-tailed t-tests or paired t-tests were
used to compare two groups. Two-way ANOVA was used to compare two groups with
different conditions. Pvalue of 0.05 or less was considered statistically significant.

Cbl-b is upregulated when primary human NK cells are activated by IL-15, IL-2 or K562

We assessed the expression of Cbl-b protein in primary human NK cells enriched from the
blood of healthy donors in response to 24-hour stimulation by different cytokines. We found
that stimulation with either IL-15 or IL-2 induced an increase in the expression of Cbl-b,
whereas stimulation with IL-7, IL-12, IL-18 and IL-21 showed no significant change
compared to resting NK cells incubated without cytokines (Fig. 1A). Since certain tumor
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cells can trigger NK cell activation, we co-cultured NK cells for 24 h with different tumor
cell lines in order to assess this effect on the expression of Chl-b. Our results showed a 3-
fold increase in the expression of Cbl-b when fresh human NK cells were co-cultured with
the NK-sensitive K562 myeloid leukemia cell line that lacks MHC class | (MHC I7) (Fig.
1B), whereas the more NK cell-resistant cell lines, Molm-13 and MV4-11 cells, which
express MHC class | (MHC 1) (19), did not induce a significant upregulation of Cbl-b in
resting NK cells (S Fig.1A). Moreover, primary human NK cells incubated with an NKG2D
activating antibody (clone 1D11) overnight showed no significant change of Cbl-b
expression compared to those incubated with mouse 1gG (S Fig.1B). When incubating NK
cells with IL-15, we did not find evidence of a dose response change (Fig. 1C), nor did we
find a difference in Cbl-b upregulation between CD56°"19 and CD5649I™ NK cells incubated
in IL-15 (Fig. 1D). Then Cbl-b transcript was quantified at different time points in NK cells
following incubation with IL-15 or IL-2; Cbhl-b mRNA increased within 2 h and peaked
following 4 h of stimulation with I1L-15 or IL-2 compared to unstimulated NK cells (S Fig.
1C). The upregulation of Cbl-b mMRNA by IL-15 or IL-2 or K562 stimulation was also
observed to be sustained at the longer time point, 24 h post stimulation (S Fig. 1D and 1E).

JAK-STAT and AKT pathways mediate upregulation of Cbl-b in NK cells

We next investigated the underlying mechanism by which IL-15 or IL-2 up-regulated the
expression of Cbl-b protein. Despite the lack of homology in the amino acid sequence
between IL-15 and IL-2, both proteins can bind to the IL-2/15RB~y heterodimer, activating
the intracellular signal leading to cell activation (20, 21). Since IL-15 utilizes select JAK-
STAT proteins to initiate cellular activation, we pre-treated primary NK cells with the JAK3
inhibitor CP-690550 (22) or the JAK1/2 inhibitor AZD1480 (23) in increasing
concentrations prior to IL-15 stimulation then Cbl-b expression levels were evaluated. As
shown in Fig. 2A-C, blockade of the JAK-STAT pathway with pre-treatment of either JAK
inhibitor followed by stimulation of primary NK cells with I1L-15 resulted in a significant
decrease in the expression of Cbl-b protein compared with IL-15-stimulated NK cells in the
presence of vehicle control. Furthermore, we observed nearly identical results in primary
NK cells pre-treated with the AKT1/2/3 inhibitor Afuresertib (24) prior to activation by
IL-15 or IL-2 stimulation (Fig. 2D and E). As K562 cells were also able to induce
expression of Cbl-b in primary human NK cells (Fig. 1B), we repeated the inhibitor
experiments under the K562 cell stimulation. Blockade of the JAK-STAT or AKT pathway
in NK cells showed that only the AKT1/2/3 inhibitor Afuresertib rather than either of the
two JAK inhibitors (CP-690550 and AZD1480) resulted in a significant downregulation of
Cbl-b expression compared to NK cells co-cultured with K562 cells in the presence of
vehicle control (S Fig. 2A and B).

Downregulation of Cbl-b enhances the cytotoxicity of primary human NK cells

We transduced primary human NK cells with Cbl-b-specific SiRNA (Cbl-b siRNA) or
scrambled siRNA (Scr siRNA) for 48 h and confirmed a significant decrease in the
expression of Cbl-b in the experimental group (S Fig. 3A). Both groups were next incubated
without or with 1L-15 and co-cultured with 51Cr labeled MV4-11, Molm-13 or EOL-1
leukemia cell lines, followed by assessment of specific lysis measured after 4 h of co-
culture. In the absence of I1L-15 stimulation, NK cells transduced with Cbl-b siRNA showed
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a significant increase in cytotoxicity against three of the four AML cell lines at the highest
E/T ratio of 40:1, compared to NK cells transduced with Scr siRNA (Fig. 3A). When co-
incubated with a low concentration of IL-15 (2 ng/ml), NK cells transduced with Cbl-b
SiRNA also showed a significant increase in cytotoxicity against all four AML cell lines at
all three E/T ratios compared to NK cells transduced with Scr siRNA (Fig. 3B). Granzyme B
mMRNA was significantly increased in NK cells transduced with Cbl-b siRNA compared to
NK cells transduced with Scr siRNA, either without or with IL-15 stimulation (Fig. 3C),
while perforin mRNA trended toward upregulation in NK cells transduced with Cbl-b
SiRNA but the upregulation did not reach a statistical significance (S Fig. 3B). The secretion
of soluble granzyme B protein was moderately but significantly higher in resting NK cells
transduced with Chl-b siRNA compared to resting NK cells transduced with Scr siRNA
(Fig. 3D), whereas with 1L-15 stimulation, the secretion of soluble granzyme B protein from
the NK cells transduced with Cbl-b siRNA was 2.6 times higher compared to NK cells
transduced with Scr siRNA (Fig. 3D). Immunoblot analysis demonstrated an increase of
total GZMB protein accompanied with the knockdown of Cbl-b by siRNA (Fig. 3E). In
addition, the total protein level of perforin was also significantly increased in NK cells
transduced with Chl-b siRNA compared to NK cells transduced with Scr siRNA with IL-15
stimulation (S Fig. 3C).

Downregulation of Cbl-b increases IFN-y secretion in IL-15-activated primary human NK

cells

To further explore how Cbl-b regulates the functions of primary human NK cells, we
performed RNA-seq analyses using enriched primary NK cells from healthy donors
transduced with Cbl-b siRNA or Scr siRNA without or with IL-15 treatment for 16 h (n=4 in
each group). After normalizing the level of each transcript in Cbl-b downregulated NK cells
transduced with Cbl-b siRNA to their corresponding controls, we drew a heatmap
quantifying the differentially expressed genes noted between NK cells transduced with Chl-
b siRNA or Scr siRNA and co-cultured without or with IL-15 (Fig. 4A). The RNA-seq data
revealed that the transcriptional level of granzyme B was increased in human NK cells
transduced with Cbl-b siRNA compared to those transduced with Scr siRNA either without
or with IL-15 stimulation, which is consistent with our above results (Fig. 3C). We detected
IFN-y mRNA expression levels in IL-15-activated primary human NK cells, and the result
was consistent with our RNA-seq data, with IFN-y mRNA increased dramatically in the
Cbl-b siRNA group compared to that in the Scr siRNA group (Fig. 4B). Using intracellular
flow cytometry, we demonstrated that I1L-15-activated primary human NK cells transduced
with Cbl-b siRNA expressed 2.5-fold higher levels of IFN-y compared to NK cells
transduced with Scr siRNA (S Fig. 4A and Fig. 4C). The intracellular results were supported
by assessment IFN-y secretion into the supernatant, in that IL-15-activated primary human
NK cells transduced with Cbl-b siRNA expressed 10-fold higher levels of IFN-y compared
to NK cells transduced with Scr siRNA (Fig. 4D). Additionally, the percentage of IFN-y*
fraction in IL-18-stimulated primary human NK cells transduced with Cbl-b siRNA was 2.5-
fold higher than that in NK cells transduced with Scr siRNA (S Fig. 4B), while there was no
significant difference in IL-12-stimulated or IL-12 and IL-18 co-stimulated primary human
NK cells (S Fig. 4C and D).
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Cbl-b regulates phosphorylation of Mertk in primary human NK cells

The TAM receptor family consists of Tyro3, Axl and Mertk, all of which are expressed in
mature mouse NK cells (25) and are molecular substrates for Cbl-b ubiquitylation both /n
vitroand in vivo (17). To investigate the possible relationship between Cbl-b and the TAM
receptor family in primary human NK cells, we detected the expression of the three TAM
receptor members in NK cells. Intracellular flow cytometric analysis showed that Mertk
could be detected in primary human NK cells while the other two-family members Tyro3
and Axl were undetectable (Fig. 5A). Immunoblotting analysis showed that the
phosphorylation level of Mertk (p-Mertk) was significantly increased in NK cells transduced
with Cbl-b siRNA compared to those transduced with Scr siRNA (Fig. 5B and S Fig. 4E).
Previous studies showed that the TAM family receptors are the molecular substrates for Cbl-
b-mediated ubiquitylation in murine NK cells (17). However, the level of total Mertk is low
in human NK cells (S Fig. 4F), preventing us to characterize the mechanism associated with
the p-Mertk regulation by Cbl-b. Next, primary human NK cells were pre-treated with or
without Mertk inhibitors (UNC2550 or UNC2881), followed by IL-15 stimulation. We
found that in the presence of IL-15, primary human NK cells treated with Mertk inhibitors
expressed approximately 3-fold lower levels of IFN-y compared to control with no
treatment of the inhibitors (Fig. 5C). Immunablotting analysis showed that the level of p-
STATS decreased in IL-15-acitvated primary human NK cells treated with Mertk inhibitors
compared to control with no treatment of the inhibitors (Fig. 5D). Our data suggest that Chl-
b regulates Mertk phosphorylation in primary human NK cells, leading to a suppressive role
in activated NK cells.

Discussion

A multitude of immune checkpoint molecules have been discovered that help to keep
immune cells from auto-reactivity, and yet when engaged can also prevent such cells from
effectively surveying against malignant transformation. Examples of these checkpoint
molecules include killer inhibitory receptors (KIRS) (26, 27), T cell immunoglobulin- and
mucin-domain-containing molecule 3 (TIM-3) (28, 29), programmed cell death protein 1
(PD-1) (30, 31) and lymphocyte activation gene 3 (LAG-3) (32, 33). Each of these has been
considered as a potentially druggable target in order to promote effective tumor immune
surveillance and therapy. During the past two decades, several studies revealed that Cbl-b
negatively regulates activation pathways such as T-cell receptor (TCR) signaling in T cells
(34, 35), CD40 signaling in B cells (36) and FceR1 signaling in mast cells (37). However,
the role of Cbl-b in regulating human NK cell activation via any signaling pathway is largely
unknown.

Stimulation of NK cells by cytokines can prime them by lowering the threshold for further
activation and inducing expression of effector molecules (38, 39). IL-2 and 1L-15 transduce
their activation signal via a heterodimeric receptor consisting of IL-2/15p and the -y, chain
that are expressed on NK cells, with subsequent activation of the JAK-STATS5 pathway (40,
41), the MAPK pathway (42) and the PI3K pathway (43), followed by the enhancement of
their cytolytic potential and anti-tumor responses. When the heterodimeric cytokine IL-12
binds its receptor expressed on NK cells, activation is triggered via the JAK-STAT4 pathway
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(44). IL-15 has been shown to be the critical endogenous cytokine for human NK cell
development (18, 45), survival (46, 47) and activation (48). IL-21, another y cytokine, is
not required for the development of NK cells in that /£ -2/~ mice demonstrate normal NK
cell development (49). IL-21 alone does not induce IFN-y expression in human NK cells
(39). IL-18 is a member of the pro-inflammatory IL-1 family, and is usually recognized as a
NK cell co-stimulatory cytokine with IL-12 and/or IL-15 (50, 51). IL-7 selectively promotes
the survival of the CD56P19t NK subset but does not enhance NK cell cytotoxicity or IFN-y
secretion (52). We observed that IL-15, IL-2 and IL-18 significantly upregulate Chl-b but
not IL-7, IL-12 or IL-21, suggesting that upregulation of Cbl-b in activated NK cells is
cytokine-dependent.

As in the case with every activation signal in the immune system, there needs to be a
counter-regulatory mechanism to prevent autoimmunity or other toxicities that can result
from excessive immune stimulation. Based on our data, it seems that activation by different
cytokines is associated with different counter-regulatory mechanisms. In animal models,
chronic stimulation of NK cells with an excess of endogenous IL-15 can result in malignant
transformation resulting in large granular lymphocytic leukemia (53-55) or cutaneous T cell
lymphoma (56), both incurable cancers in man. Thus, counter-regulation of IL-15-induced
NK cell activation, which appears to be mediated at least in part by Cbl-b in our study, is
likely critical for the proper regulation of NK cells /n vivo.

The Cbl protein family are multifunctional adaptor molecules with ubiquitin ligase activity.
The phospholipase Cy (PLC+y) family, which is crucial for NK cell effector functions, is
recruited to the contact site of the NK cell and its target mediated by the linker for activation
of T cells (LAT) (57-59). Matalon et al. determined that LAT is ubiquitylated by c-Cbl and
Chbl-b, leading to the abrogation of NK cell cytotoxicity (16). The hematopoietic-specific
Rho-family GTP exchange factor Vav-1 is not only a regulator in B and T cells, but also
forms part of signaling pathways required for human NK cell cytotoxicity (60). In human
v8T cells, Cbl-b inhibits their cytotoxicity by decreasing the level of phosphorylated Vav-1
(61). The current study demonstrated that downregulation of Cbl-b in primary human NK
cells resulted in higher cytotoxicity and IFN-y production, especially in the presence of low,
near physiologic concentrations of IL-15. Moreover, the results here are consistent with data
from Cbl-5~'~ mice, which showed an increase in NK cell perforin expression, cytotoxicity
and secretion of IFN-y when activated with NKG2D antibody (17). However, in human NK
cell, triggered by NKG2D and 2B4 co-engagement, the enhancement of NK cell function
was observed with knockdown of ¢-Cbl while similar enhancement of NK cell function was
not observed with knockdown of Cbl-b (62). Collectively, the past and current studies
suggest that Cbl-b in murine and human NK cells is complicate, which can be species- and
context-dependent.

NK cells represent the first line of defense against tumor cells and likely play a critical role
in tumor immune surveillance in human. Tumors lacking MHC class | antigens are highly
susceptible to elimination by NK cells (63). NK cells are able to launch killing of additional
target cells after the first one is eradicated, a process termed serial killing (64). A previous
study reveals that NK cells undergo inactivation and lose their cytotoxic function with
decreased levels of their perforin and granzyme B after being exposed to target cells (65).
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The K562 cell line, which is a leukemic cell line susceptible to NK cell cytotoxicity lacking
MHC class | expression, can activate primary human NK cells, and our data show that the
activation results in upregulation of Cbl-b, which is a negative regulator that controls NK
cell effector functions. These data suggest that Cbl-b may accumulate in NK cells, leading to
downregulation of effector functions, after serial killing of each target. This serial killing
process is continuous and may eventually result in the complete loss of NK cell cytotoxicity
against target cells.

The roles of and mechanisms by which TAM receptors regulate innate immune cell function
are complex and cell-type dependent. In macrophages, IFN-a is able to up-regulate Axl,
which in turn inhibits TNF-a secretion (66). Mertk binding of apoptotic cells in dendritic
cells (DCs) also regulates NF-xB-dependent transcription (67). T cells were originally
thought not to express TAM receptors but the expression of Mertk was later found to be
expressed by activated human CD4* T cells, in which the receptor plays a negative role (68).
However, Marlies et al. revealed that Mertk serves as a late co-stimulatory signal for CD8* T
cells (69). Different from murine NK cells in which all three TAM receptors are expressed
(17), our current study showed that primary human NK cells do not have expression of the
Tyro3 and AxI receptors and only intracellular Mertk could be detected at very low level.
Recently, Paul et al. reported that the surface expression of TAM receptors could not be
detected in either resting or IL-15-activated primary human NK cells (70). To our
knowledge, prior to our current study, intracellular expression of Mertk in primary human
NK cells has not been explored. In the current study, we found that downregulation of Cbl-b
increases the phosphorylation levels of Mertk and blocking Mertk phosphorylation inhibits
the function of activated human NK cells. Paolino M et al. uncovered that Cbl-b negatively
regulates NK cell function via increasing ubiquitination and subsequently degrading TAM
receptors in a murine model (17). However, due to the limitation of the low level of total
Mertk expression in human NK cells, we were unable to confirm the same mechanism by
which Mertk is regulated by Cbl-b. Collectively, our data suggest Cbl-b plays a negative
regulatory role in activated primary human NK cells and it remains to be characterized
whether the ubiquitin ligase function of Cbl-b regulates Mertk expression and/or activity.

In conclusion, our study demonstrates that Cbl-b is an intracellular checkpoint in human NK
cells, negatively regulating cytokine- or target-induced NK cell cytotoxicity and cytokine
production. Targeting the Cbl-b in NK cells may therefore result in enhanced innate anti-
tumor cytolytic activity.
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Key points:
Cbl-b is induced in IL-15/IL-2/K562-activated primary human NK cells.

Abrogation of Chl-b enhances cytotoxicity of primary human NK cells.
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Fig. 1. Cbl-b is upregulated when primary human NK cells are activated by IL-15, IL-2 or K562.
(A) Enriched primary human NK cells were treated with 1L-2 (150 1U/ml), IL-7 (50 ng/ml),
IL-12 (10 ng/ml), IL-18 (10 ng/ml), IL-21 (20 ng/ml) or IL-15 (20 ng/ml) for 24 h followed
by immunoblot analysis (n=5 donors). Densitometric quantification from five independent
experiments shows the ratio of Cbl-b protein to p-actin protein. (B) Enriched primary human
NK cells were co-cultured with the K562 myeloid leukemia cell line (E/T ratio=10:1) for 24
h followed by immunoblot analysis. Summary data are from three independent experiments.
(C) Primary human NK cells were treated with different concentrations of 1L-15 for 24 h
followed by immunablot analysis (n=5 donors). (D) Equal numbers of purified CD56*
human NK cells, CD56°119" NK cells and CD56%M NK cells were sorted from peripheral
blood mononuclear cells isolated by Ficoll, cultured and stimulated with IL-15 (20 ng/ml for
24 h) followed by immunoblot analysis. The data are representative of three independent
experiments. Med, medium only; */<0.05, **/<0.01 by two-tailed unpaired #test or One-
way ANOVA; ns, not significant. Data are presented as mean + SEM.
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Fig. 2. JAK-STAT and AKT pathways mediate upregulation of Cbl-b in NK cells
(A) Primary human NK cells were pretreated with the JAK3 inhibitor CP-690550 and the

JAK1/2 inhibitor AZD1480 at various concentrations for 90 min prior to a 24 h activation by
IL15 (10 ng/ml). NK cells were then harvested for quantification of Cbl-b protein expression
by immunoblot analysis. Data are representative of 6 donors performed in a similar fashion.
Densitometric quantification assessing the ratio of the Chl-b protein to p-actin protein levels
for 6 donors is summarized in (B) and (C). (D) Primary NK cells were pretreated with the
AKT1/2/3 inhibitor Afuresertib (10 uM) for 90 min prior to a 24 h activation by IL-15 (10
ng/ml) or IL-2 (150 1U/ml). Data are representative of 5 donors performed in a similar
fashion. Densitometric quantification assessing the ratio of the Cbl-b protein levels to B-
actin protein levels for 5 donors is summarized in (E). *£<0.05, **/<0.01, ***/<0.001 by
One-way ANOVA or Student’s two-tailed paired #test. Data are presented as mean + SEM.
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Fig. 3. Downregulation of Cbl-b enhances the cytotoxicity of primary human NK cells.
(A and B) Primary human NK cells transduced with Cbl-b siRNA or Scr siRNA for 24h

were stimulated without (A) or with (B) a low concentration of IL-15 (2 ng/ml) for 16h, then
co-cultured with 51Cr labeled Molm-13, MV4-11 or EOL-1 leukemia cell lines for 4 h,
followed by quantification of specific tumor cell lysis. Each experiment was repeated with 6
different normal donors. (C) gRT-PCR was performed to quantify the granzyme B (GZMB)
MRNA levels (n=8 donors) in sSiRNA- and Scr siRNA-transduced primary human NK cells
incubated without or with IL-15 (10 ng/ml) for 16 h. (D) The concentration of the granzyme
B protein in the supernatants of Cbl-b siRNA- and Scr siRNA-transduced primary human
NK cells incubated without (688.1 pg/ml vs 525.4 pg/ml; £=0.0232) or with IL-15 (10
ng/ml) for 24 h (8789 pg/ml vs 3397 pg/ml; £=0.0232) was measured by ELISA (n=8
donors). (E) The level of granzyme B protein in Cbl-b siRNA- and Scr siRNA-transduced
primary human NK cells incubated without or with 1L-15 (10 ng/ml) for 24 h was measured
by immunoblot analysis. The data are representative of three experiments. Scr-scrambled;
*£<0.05, **F<0.01, ***F<0.001, ****P,<0.0001 by One-way or Two-way ANOVA; ns, not
significant. Data presented as mean + SEM.
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Fig. 4. Downregulation of Cbl-b increases IFN-y secretion in IL-15-activated primary human

NK cells.

(A) RNAseq was conducted using primary human NK cells transduced with either Cbl-b
SiRNA or Scr siRNA without or with incubation in IL-15 (10 ng/ml) for 16 h (4 donors for
each group). The heatmap illustrates significantly up-regulated (red) or downregulated
(green) gene expression. (B) gRT-PCR was performed to quantify the mRNA levels of IFN-
v (n=6 donors) after IL-15 (10 ng/ml) 6 h stimulation. (C) The percentage of intracellular
IFN-v* cells in un-transduced NK cells or those transduced with Chl-b siRNA or Scr
SiRNA, each activated with I1L-15 (10 ng/ml) for 24 h (11.5% vs 4.338%; £=0.0008; n=5
donors). (D) Supernatants were collected after IL-15 (10 ng/ml) for 24 h and IFN-y
concentrations measured by ELISA (18115 pg/ml vs 882.5 pg/ml; £=0.0099; n=7 donors).
Scr-scrambled; *P<0.05, **/<0.01, ***~2<0.001 by Student’s two-tailed paired #test or
One-way ANOVA,; ns, not significant. Data presented as mean + SEM.
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Fig. 5. Cbl-b regulates phosphorylation of Mertk in primary human NK cells.

(A) Representative intracellular flow cytometric analysis of the TAM family receptors
expression in primary human NK cells. Summarized data are shown from 6 donors. 1gG1 is
the isotype for Tyro3 and Axl, while 1gG2 for Mertk. (B) The levels of Mertk
phosphorylation and Cbl-b in Cbl-b siRNA- or Scr siRNA-transduced primary human NK
were measured by immunoblot analysis. Data presented are representative of five
independent experiments. (C) Primary NK cells were pre-treated with the Mertk inhibitors
UNC2550 or UNC2881 (5 uM) for 90min prior to a 24 h activation by IL-15 (10 ng/ml),
then the percentage of intracellular IFN-y* cells in NK cells was detected (20.64 % vs 5.49
%; P=0.0228). Data presented are representative of 4 donors performed in a similar fashion
and are summarized in the panel below the representative flow dot plots. (D) Primary human
NK cells were pretreated with the Mertk inhibitors UNC2550 or UNC2881 (5 uM) for 90
min prior to 30 min activation by IL-15 (10 ng/ml), followed by immunoblot analysis for
phospho-Mertk. Data are representative of 4 donors with similar results. Scr-scrambled,;
*P<0.05; ns, not significant. Data presented as mean = SEM.

J Immunol. Author manuscript; available in PMC 2021 August 15.



	Abstract
	Introduction
	Materials and methods
	Isolation of primary human NK cells
	Cell culture
	Antibodies and other reagents
	Transient transfection
	Reverse transcription-polymerase chain reaction
	Immunoblotting
	ELISA
	51Cr-release cytotoxicity assay
	Flow cytometry
	Statistical analysis

	Results
	Cbl-b is upregulated when primary human NK cells are activated by IL-15, IL-2 or K562
	JAK-STAT and AKT pathways mediate upregulation of Cbl-b in NK cells
	Downregulation of Cbl-b enhances the cytotoxicity of primary human NK cells
	Downregulation of Cbl-b increases IFN-γ secretion in IL-15-activated primary human NK cells
	Cbl-b regulates phosphorylation of Mertk in primary human NK cells

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

