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Abstract

Trogocytosis is a fast, cell–cell contact-dependent uptake of membrane patches and associated 

molecules by one cell from another. Here, we report our investigation of trogocytosis of 

TYRO3, a cell membrane protein, from tumor target cells to natural killer (NK) cells and the 

associated functional consequences for NK cells. We found that although NK cells did not express 

endogenous TYRO3 on the cell surface, activated NK cells rapidly acquired TYRO3 from tumor 

cells via trogocytosis in vitro and in vivo. NK cells that acquired TYRO3, which we termed 

TYRO3+ NK cells, had significantly enhanced cytotoxicity and IFNγ production as well as higher 

expression of some activated surface markers compared with TYRO3− NK cells. Furthermore, 

the activation status of NK cells and TYRO3 expression levels on donor cells, either endogenous 

or ectopic, positively correlated with trogocytosis levels. When the antigen-presenting cell (APC) 

K562 leukemia cell line, a feeder cell line to expand NK cells, overexpressed TYRO3, TYRO3 

was transferred to NK cells via trogocytosis, which improved NK-cell proliferation ex vivo. This 

provides a strategy to manufacture NK cells or their engineered counterparts such as chimeric 

antigen receptor (CAR) NK cells for the treatment of cancer or infectious diseases.
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Introduction

Natural killer (NK) cells belong to the innate immune system and are considered the first 

line of defense against tumors and viruses (1–3). NK-cell function is regulated by the 

balance between activating and inhibitory signals. Upon encountering normal cells, NK cells 

interact with their cognate MHC class I molecules, which provides inhibitory signals to 

override activating signals (4). In contrast, when NK cells encounter cells lacking self-MHC 

class I molecules, they exert strong cytotoxic effects via multiple mechanisms, including 

releasing cytotoxic granules containing perforins and granzymes (5). NK cells can recognize 

and spontaneously eliminate tumor cells that lack MHC class I molecules, making them an 

important component of antitumor immunity (5,6).

Trogocytosis is the fast, cell–cell contact-dependent uptake of membrane patches and 

associated molecules by one cell from another (7). This process is observed for tumor cells 

(8) as well as several different immune cells, including T cells (9–11), B cells (12), NK cells 

(13–16), and dendritic cells (17). When an NK cell interacts with a target cell, an immune 

synapse forms strong enough to allow for the exchange of membrane molecules from one 

cell to the other. For example, human leukocyte antigen (HLA)-G can be transferred from 

target cells to NK cells via trogocytosis, and this transfer inhibits the cytolytic function of 

NK cells (15). The chemokine receptor CCR7 can also be transferred from donor cells onto 

the surface of NK cells via trogocytosis, enhancing NK-cell homing to lymph nodes (16).

TYRO3 is a receptor tyrosine kinase that belongs to the TAM (TYRO3, AXL, and MERTK) 

receptor family (18). Many cells of the innate immune system express TAM receptors, 

including macrophages (19) and dendritic cells (20). Although they are highly expressed 

on the surface of resting murine NK cells, their surface expression on resting human NK 

cells is negligible (21,22). TYRO3 also is expressed in different types of cancers and plays 

important roles in cancer progression. Therefore, the TAM family receptors are considered 

potential therapeutic targets (23–25).

Here we showed that TYRO3 could be transferred from tumor cells to NK cells with a 

dependence on cell-cell contact, fast transfer kinetics, and a limited half-life of TYRO3 

following its acquisition. We also found NK cells that acquired TYRO3 (TYRO3+) had 

significantly enhanced cytotoxicity, IFN-γ production, and proliferation in vitro, as well 

as higher expression of activated surface markers, compared with TYRO3− NK cells. We 

generated a feeder cell line that expressed TYRO3, thereby allowing human NK cells to 

acquire TYRO3 via trogocytosis, which improved their proliferation and expansion ex vivo.

Materials and Methods

Isolation and expansion of primary human NK cells

Blood cones were obtained from the City of Hope National Medical Center Blood Bank 

under institutional review board–approved protocols. All healthy donors provided written 

informed consent, which followed the ethical guidelines of the Declaration of Helsinki. 

To isolate NK cells, peripheral blood was mixed and incubated with RosetteSep™ human 

NK-cell enrichment cocktail (StemCell Technologies, Cat. #15065) for 20 min at room 
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temperature. The blood sample was diluted with DPBS (Gibco, Cat. #14190144) and added 

into a tube containing Ficoll-Paque (Cytiva, Cat. #17144003). After 18-minute centrifuge 

without brake, buffer layer was aspirated and treated with red blood cell lysis buffer. The 

isolated NK cells were directly used for experiments or after being expanded with K562 

feeder cells expressing mbIL21 and 4–1BBL (APC K562) with or without co-expressing 

TYRO3 (APC K562Tyro3) in the presence of IL2 (50 IU/ml, Roche Inc, Cat. #1035–0490). 

Prior to use for NK expansion, the K562 feeder cells were inactivated by mitomycin (10 

ug/ml; Sigma-Aldrich, Cat. #M4287) for 2 hours.

Cell lines

K562 cells were purchase from American Type Culture Collection (ATCC) in 2018. 

Molm-13, and U937 cells were purchased from Leibniz Institute DSMZ in 2018. Jurkat cells 

were obtained from Dr. Stephen J. Forman’s lab in 2019. 721.221 cells were a generous gift 

from Professor J. Miguel Lopez-Botet Arbona at the Universitat Pompeu Fabra, Barcelona. 

APC K562 cells were obtained from CytoImmune Therapeutics Inc. All above cell lines 

were cultured in RPMI (Gibco, Cat. #11875119) with 10% heat-inactivated FBS (Gibco, 

Cat. #16140071). The GP2–293 packaging cell line was purchased from Takara Bio in 

2018 and cultured in DMEM supplemented with 1% GlutaMax (Gibco, Cat. #35050061) 

and 10% FBS. All cells were incubated at 37℃ in a 5% CO2 humidified incubator. No 

authentication of these cell lines was performed after they were purchased or received. Cell 

morphology and growth characteristics were monitored during the study and compared with 

published reports to ensure their authenticity. All cell lines were routinely tested for the 

absence of mycoplasma using the MycoAlert Mycoplasma Detection Kit from Lonza (Cat. 

#LT07–318). All cell lines used in experiments were cultured for less than 10 passages.

TYRO3-knockout cell line

TYRO3-knockout K562 cells (K562Tyro3-KO) were generated using CRISPR/Cas9 knockout 

plasmids (Cat. #sc-401412 and #sc-401412-HDR), UltraCruz transfection reagent (Cat. 

#sc-395739), and plasmid transfection medium (Cat. #sc-108062), all of which were 

purchased from Santa Cruz and used according to the manufacturer’s instructions. K562 

cells were co-transfected with a homology-directed DNA repair (HDR) plasmid, which 

incorporates red fluorescent protein (RFP), to select cells containing a successful Cas9­

induced site-specific TYRO3 knockout in genomic DNA. The transfected cells were sorted 

for GFP+RFP+ using FACSAria Fusion (BD Biosciences). Knock-out of TYRO3 clones was 

confirmed by flow cytometry.

Plasmids generation and retrovirus transduction

The full-length human TYRO3 DNA sequence or its fusion protein with EGFP at the C 

terminal by a G4S linker (Gly-Gly-Gly-Gly-Ser) were cloned into an RRV plasmid obtained 

from CytoImmune Therapeutics Inc. to generate the RRV-Tyro3 or the RRV-Tyro3-EGFP 

plasmids, respectively. The full-length human TYRO3 DNA sequence with K550A mutation 

was cloned with the Q5 site-directed mutagenesis kit from NEB Inc. (Cat. #E0554) to 

generate the RRV-Tyro3_K550A plasmid. The sequence with the extracellular domain (ED) 

of TYRO3 and the PDGFRB transmembrane domain were cloned into the RRV plasmid to 
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generate the RRV-ED-Tyro3 plasmid. The coding sequence of IL15 was cloned to the RRV 

plasmid to generate the RRV-sIL15 plasmid.

For generating retrovirus to infect cells, GP2–293 cells were cultured until a confluence 

of 70–80% and then transfected with a retrovirus vector expressing one of the RRV-Tyro3 

related plasmids with an envelope plasmid using Lipofectamine 3000 Reagent according 

to the manufacturer’s instructions (Thermo Fisher Scientific, Cat. #L3000001). The culture 

supernatant containing the retrovirus was harvested at 48 h post-transfection and filtered. 

To generate Molm-13Tyro3-OE, JurkatTyro3-OE, APC K562Tyro3, APC K562Tyro3-EGFP, APC 

K562ED-Tyro3, APC K562Tyro3_K550A, and sIL15 NK cells, retroviral transduction with 

RetroNectin (Takara Bio, Cat. #T100B) was performed according to a manufacturer 

protocol.

51Cr-release cytotoxicity assay
51Cr-release cytotoxicity assays were performed as described previously (26). 

K562 or 721.221 target cells were labeled with 51Cr (Wallac, PerkinElmer, Cat. 

#NEZ30001MCSBR1) for 1 hour at 37°C. Cells were washed and co-incubated with 

effector cells (TYRO3− and TYRO3+ NK cells) in triplicates in a 96-well U-bottom plate 

at multiple effector/target (E/T) ratios for 4 h at 37℃ in 5% CO2. The supernatant was 

harvested from each well, transferred into a 96-well Luma plate, and analyzed using a 

Microbeta scintillation counter (Wallac, PerkinElmer).

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from cells with an RNeasy Mini Kit (Qiagen, Cat. #74034). 

Complementary DNA (cDNA) was generated from 200 ng RNA using Moloney murine 

leukemia virus (M-MLV) reverse transcriptase (Invitrogen, Cat. #11756050) and amplified 

by quantitative (q)RT-PCR with SYBR Green (Thermo Fisher Scientific, Cat. #4472908) 

or RT-PCR with Q5 PCR Master Mix (NEB, Cat. #M0492) and gene-specific primers. qRT­

PCR was performed in triplicates with the reaction protocol of 95°C for 1 min, followed 

by 40 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 30 s, using QuantStudio 12K 

Flex Real-Time PCR System (Thermo Fisher Scientific). RT-PCR was performed with the 

reaction protocol of 98°C for 30 s, followed by 25 or 30 cycles of 98°C for 10 s, 60°C for 30 

s, and 72°C for 30 s, using C1000 Touch Thermal Cycler (Bio-Rad). Relative amplification 

values of qRT-PCR were calculated by the 2-ΔΔCt method, normalized to GAPDH or 18S 
rRNA. Primer sequences are included in Supplemental Table S1.

Immunoblotting assay

Cells were harvested and suspended in RIPA lysis buffer (Thermo Fisher Scientific, Cat. # 

89900) on ice for 20 min. An equal amount of protein was resolved by a 5–15% Criterion 

TGX gel (Bio-Rad) and then transferred onto the nitrocellulose (NC) or polyvinylidene 

difluoride (PVDF) membrane (Thermo Fisher Scientific). The membrane was incubated 

with a primary antibody at 4℃ overnight and an IRDye secondary antibody (Li-COR 

Biosciences) for one hour at room temperature. The immunoblots were visualized with 

Odyssey CLx Imager. Densitometric analysis was performed to quantify the intensity of 

gel bands with Image J. Primary antibodies used were anti-GZMB (Cell Signaling, Cat. 
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#17215), anti-pSTAT3Ser727 (Cell Signaling, Cat. #9134), anti-pAKTSer473 (Cell Signaling, 

Cat. #4060), anti-P-p44/42 (Cell Signaling, Cat. #4370), anti-Perforin (R&D systems, Cat. 

#MAB8011) and anti-Actin (Millipore Sigma, Cat. #MAB1501). Secondary antibodies were 

IRDye 800CW goat anti-Rabbit IgG (LI-COR Biosciences, Cat. #926–32211) and IRDye 

680RD goat anti-Mouse IgG (LI-COR Biosciences, Cat. #926–687070).

Degranulation assays

Primary NK cells were co-cultured with unmodified K562 cells and IL2 (150 IU/ml) 

for 24 h. Then, NK cells were plated in a 96-well round-bottom plate with anti-human 

CD107a (BD Biosciences) and 1 mg/ml GolgiPlug (BD Biosciences, Cat. #555029) for a 

4-h incubation in RPMI with 10% heat-inactivated FBS at 37℃ in 5% CO2. Then, cells were 

stained with anti-CD56 and analyzed by flow cytometry. Information about the antibodies 

used can be found in Supplemental Table S1.

Staining for flow cytometry or sorting

Information on the antibodies used for flow cytometry can be found in Supplemental Table 

S1. Cells were stained with monoclonal antibodies at room temperature for 20 min and 

washed with FACS buffer prior to analysis using a Fortessa X 20 flow cytometry (BD 

Biosciences). For IFNγ intracellular flow cytometric analysis, 1 mg/ml GolgiPlug was 

added for 4 h before cell harvest. Then, cells were permeabilized and fixed using a Cytofix/

Cytoperm Fixation/Permeabilization Solution Kit (BD Biosciences, Cat. #554714). Data 

were analyzed using Flowjo V10 software (Tree Star, Ashland, OR, USA).

NSG xenograft model

NOD-SCID-IL2Rγ–/– (NSG) mice were purchased from the Jackson Laboratory and housed 

at the City of Hope Animal Facility. Primary human NK cells were incubated with APC 

K562 cells or APC K562Tyro3 cells, which were inactivated by mitomycin (10 ug/ml) prior 

to use, in the presence of IL2 (50 IU/ml) with R10 medium (RPMI + 10% FBS) for 4 

days. The NK cells were then transduced with soluble IL15 (sIL15) retrovirus for 48 h, 

followed by being incubated with inactivated APC K562 cells or APC K562Tyro3 cells in the 

presence of IL2 (50 IU/ml) for another 7 days prior to being harvested and frozen for mouse 

injection. For in vivo studies, on day 0, mice were intravenously (i.v.) injected with 1×106 

K562-luciferase (K562_Luc) cells (27) and then i.v. treated with 10×106 aforementioned 

sIL15 NK cells expanded with APC K562 (APC K562_sIL15 NK) or APC K562Tyro3 (APC 

K562Tyro3_sIL15 NK). On day 1, mice were i.v. treated with a 2nd dose of the NK cells. 

Bioluminescence imaging was performed on days 9 and 14 by using Lago imaging system 

(Spectral Instruments Imaging). All animal experiments were approved by the City of Hope 

Animal Care and Use Committee.

Statistical analysis

Student’s t test and paired t test were used to compare two independent and matched/paired 

groups, respectively. One-way ANOVA was used to compare three or more independent 

groups. A linear mixed model or one-way ANOVA model with repeated measures was used 

to account for the variance-covariance structure due to repeated measures from the same 

Lu et al. Page 5

Cancer Immunol Res. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subject. All tests were two-sided and p-values were adjusted for multiple comparisons by 

Turkey’s or Holm-Sidak’s procedure. A p-value less than 0.05 was defined as statistically 

significant. GraphPad 9.1.0 was used for the statistical analyses.

Results

TYRO3 expression on primary human NK cells is rapidly induced by TYRO3+ tumor cells

Peeters et al. have reported that T-cell receptor (TCR)-activated primary human CD8+ T 

cells express Mertk, which subsequently acts as a co-stimulatory receptor on CD8+ T cells 

(28). To investigate whether activated NK cells express TAM family receptors, we incubated 

primary human NK cells with different cytokines or with the K562 myeloid leukemia cell 

line for 24 h. Flow cytometric analysis showed that a substantial proportion of NK cells 

expressed TYRO3, but very few expressed AXL and MERTK, after co-culture with K562 

cells (Fig. 1A and 1B). Resting NK cells did not express any TAM family receptors on 

surface, which was consistent with our previous study (29), and this did not change when the 

NK cells were primed with cytokines in the absence of K562 cells (Supplementary Fig. S1A 

and S1B).

Next, we measured the expression of TYRO3 at different time points when primary human 

NK cells were co-cultured with K562 cells. TYRO3 expression was detected on NK cells 

within 5 minutes of co-culture with K562 cells and reached a plateau at 15 min of co­

incubation (Fig. 1C). The rapid detection of TYRO3 on the surface of NK cells suggested 

that upregulation of TYRO3 may not depend on gene transcription and translation. Although 

IL2 alone could not induce TYRO3 expression on NK cells (Fig. 1D, and Supplementary 

Fig. S1B), NK cells that were first primed with IL2 and then co-cultured with K562 cells, 

expressed more TYRO3 than resting NK cells incubated with K562 cells but without prior 

IL2 priming (Fig. 1D and Supplementary Fig. S1C). Among the NK cells, IL2-primed 

CD56bright NK cells expressed more TYRO3 than IL2-primed CD56dim NK cells after 

incubation with K562 cells for 1 h (Fig. 1E). Collectively, these results indicate that 

IL2-activated NK cells expressed more TYRO3 than resting NK cells after encountering 

K562 cells. Moreover, there was no difference in K562-induced TYRO3 expression between 

enriched NK cells and highly purified (>97%) NK cells (Supplementary Fig. S1D).

We next addressed whether TYRO3 induction on NK cells was related to TRYO3 expression 

on tumor cells. Flow cytometric analysis showed that K562 and U937 cell lines had high 

expression levels of TYRO3, whereas Molm-13 and Jurkat cell lines barely expressed 

TYRO3 (Supplementary Fig. S1E). After NK cells were co-cultured with the different tumor 

cell lines in the presence of IL-2, NK cells expressed higher levels of TYRO3 after being 

incubated with K562 or U937 cells than with Molm-13 or Jurkat cells, suggesting that the 

tumor-cell TYRO3 expression level correlated with the level of TYRO3 induction in NK 

cells (Supplementary Fig. S1F).
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Rapid induction of TYRO3 expression on NK cells by TYRO3+ tumor cells requires cell-cell 
contact

To investigate the mechanism of TYRO3 upregulation on NK cells we tested whether 

direct cell contact was required for TYRO3 induction. We found K562 cells incubated in 

transwells did not induce TYRO3 expression on NK cells (Fig. 2A). In addition, supernatant 

from K562 cells cultured alone or supernatant from K562 cells co-cultured with NK cells 

was unable to induce TYRO3 expression on NK cells (Fig. 2A and 2B). These data show 

that direct interaction between NK cells and K562 cells is necessary to induce rapid TYRO3 

expression on NK cells.

Since TYRO3 levels on the surface of tumor cells correlated with the levels of TYRO3 

induction on NK cells (Supplementary Fig. S1E and S1F), we generated TYRO3-deficient 

K562 cells (K562Tyro3-KO) by CRISPR/Cas9-mediated genome editing (Supplementary 

Fig. S2A). The K562Tyro3-KO cells failed to induce TYRO3 expression on NK cells 

(Fig. 2C). In contrast, TYRO3 expression on NK cells co-cultured with Molm-13 cells 

overexpressing TYRO3 (Molm-13Tyro3-OE) was considerably upregulated as compared to 

NK cells co-cultured with parental Molm-13 cells (Fig. 2D). However, NK cells could not 

acquire TYRO3 from Jurkat cells overexpressing TYRO3 (JurkatTyro3-OE) (Supplementary 

Fig. S2B). Since the level of protein expression in the donor cells appeared to affect the 

amount of transferred protein, different K562 cell lines with different TYRO3 knockout 

efficiencies were generated using a CRISPR/Cas9-mediated genome editing procedure. 

There was a positive correlation between the frequency of TYRO3 expressing K562 cells 

and the frequency of TYRO3 expressing NK cells (r = 0.8703, p < 0.001) (Fig. 2E). 

Furthermore, approximately half of the NK cells that had acquired TYRO3 from K562 cells 

no longer displayed it after 8 h when they had been purified and separated from K562 

cells (Fig. 2F, and Supplementary Fig. S2C), regardless of IL-2 priming, suggesting that a 

continuous presence of target cells is required to maintain TYRO3 expression on NK cells. 

TYRO3 acquired by CD56bright NK cells showed a better persistence than TYRO3 acquired 

by CD56dim NK cells with or without IL-2 priming (Fig. 2G, and Supplementary Fig. 

S2C), consistent with the observation that IL-2-primed CD56bright NK cells acquired more 

TYRO3 than CD56dim cells (Fig. 1E). Collectively, these results demonstrate that induction 

of TYRO3 expression on NK cells by TYRO3+ tumor cells happens rapidly and requires 

cell–cell contact.

Tyro3-EGFP can be transferred from tumor cells to human NK cells via trogocytosis

K562 cells expressing mbIL-21 and 4–1BBL (APC K562) are usually used to expand NK 

cells in vitro (30). We established clinical-grade master and working cell banks of APC 

K562 cells for NK-cell expansion (Supplementary Table S2). Flow cytometric analysis 

showed APC K562 cells lacked or had low levels of expression of TYRO3, AXL and 

MERTK, whereas parental K562 cells expressed all three of these proteins (Fig. 3A). 

Consistently, co-incubation of primary human NK cells with APC K562 cells did not 

induce TYRO3 expression on NK cells (Fig. 3B). To further assess whether ectopically 

expressed TYRO3 can be transferred from APC K562 cells to NK cells, APC K562 cells 

were transduced with a Tyro3-EGFP fusion protein to generate APC K562Tyro3-EGFP cells 

(Fig. 3C). EGFP fluorescence and TYRO3 extracellular domains were transferred from APC 
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K562Tyro3-EGFP cells to primary human NK cells during co-culture, indicating that the entire 

protein and not a part of the protein, such as a shed extracellular domain, was transferred 

from the tumor cells to the NK cells (Fig. 3D).

To show that the TYRO3 displayed on NK cells after co-incubation with APC 

K562Tyro3-EGFP feeder cells was not endogenously produced, we sorted TYRO3+ NK cells 

and TYRO3− NK cells from co-culture with APC K562Tyro3-EGFP cells at different time 

points and measured transcription of TYRO3. One pair of primers that we used was specific 

for native TYRO3 mRNA and lack the ability to amplify TYRO3 mRNA derived from 

transfected APC K562Tyro3-EGFP cells, whereas the other pair of primers was specific for 

transfected APC K562Tyro3-EGFP cells and unable to amplify native TYRO3 mRNA. After 

co-incubation with APC K562Tyro3-EGFP cells, NK cells displayed cell-surface Tyro3 (Fig. 

3D), but not TYRO3 mRNA regardless of whether the primers detected endogenous or 

transduced TYRO3 (Fig. 3E). Collectively, these data show that NK cells acquire TYRO3 

from K562 cells via a process of trogocytosis.

NK cells acquiring TYRO3 via trogocytosis possess improved effector functions

We next investigated the effect of TYRO3 acquisition by NK cells. NK-cell expression of 

CD107a and IFN-γ are commonly used as functional markers for NK-cell degranulation 

and cytokine production, respectively, following NK-cell activation. After co-culture of 

NK cells with K562 cells for 24 h, we found that expression of CD107a and IFN-γ was 

significantly increased in TYRO3+ NK cells compared with TYRO3− NK cells (Fig. 4A and 

4B). IFNG mRNA expression levels also were significantly increased in TYRO3+ NK cells 

compared with TYRO3− NK cells (Fig. 4C), whereas there were no significant differences 

in GZMB and PRF1 mRNA expression levels between the TYRO3+ and TYRO3− NK cells 

(Supplementary Fig. S3A). Moreover, even after co-culture of IL2-primed NK cells with 

K562 cells for 4 h, we found that expression of CD107a and IFN-γ significantly increased 

in TYRO3+ NK cells compared with TYRO3− NK cells (Supplementary Fig. S3B and S3C). 

There was also an increase in protein levels of GZMB but not PRF1 (Fig. 4D). A 51Cr 

release assay confirmed that the cytotoxicity level of TYRO3+ NK cells was significantly 

increased compared with TYRO3− NK cells (Fig. 4E). These results indicate that TYRO3+ 

NK cells are highly activated immune effector cells. Collectively, our data demonstrate that 

NK cells can acquire TYRO3 upon encountering TYRO3+ tumor cells, and that compared 

with TYRO3− NK cells, TYRO3+ NK cells possess more robust effector functions.

Since changes of NK-cell surface receptor expression are commonly reported in cancers 

(31–33) and our data show that the functional capacities of TYRO3+ and TYRO3− NK 

cells are different, we next measured the expression of surface markers on these two 

distinct NK-cell subsets using flow cytometry. Co-incubation of NK cells with K562 cells 

led to increased expression of several activation markers CD25, CD69, and TRAIL on 

TYRO3+ NK cells compared with TYRO3− NK cells and unstimulated NK cells (Fig. 

4F), whereas other activation markers such as NKG2D and NKp30 showed no significant 

difference in expression between TYRO3+ and TYRO3− NK cells (Supplementary Fig. 

S3D). Moreover, CD62L expression was maintained on TYRO3+ NK cells but decreased on 

TYRO3− NK cells compared with unstimulated NK cells (Fig. 4F). Cell maturation markers 
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CD94, NKp80, and KLRG1 showed an increase in expression on the TYRO3+ NK-cell 

subset compared with the TYRO3− NK-cell subset and unstimulated NK cells, whereas 

the inhibitory receptor NKG2A showed no difference in expression between the TYRO3+ 

and TYRO3− NK-cell subsets (Fig. 4F-G, and Supplementary Fig. S3E). Furthermore, 

co-incubation of NK cells with K562 cells induced the expression of two exhaustion-related 

markers, TIM-3 and TIGIT, with expression levels significantly higher on TYRO3+ NK 

cells than TYRO3− NK cells (Fig. 4H). Our previous research has revealed that PD-L1 is 

induced on NK cells after encountering K562 cells (34). Interestingly, PD-L1 expression 

was significantly upregulated on TYRO3+ NK cells compared with TYRO3− NK cells after 

NK cell co-culture with K562 cells for 24 h (Fig. 4I).

Acquisition of TYRO3 by NK cells enhances NK-cell ex vivo expansion

After incubation of NK cells with parental K562 cells for 24 h, we sorted TYRO3+ and 

TYRO3− NK cells and then expanded the two NK-cell subsets further with the APC K562 

cell line, which expresses 4–1BBL and mbIL-21, in the presence of IL2 (50 IU/ml) for 7 

days. On day 7, expansion of TYRO3+ NK cells was significantly greater than the expansion 

of TYRO3− NK cells (Fig. 5A). In addition, we cultured the sorted TYRO3+ and TYRO3− 

NK cells in the presence of IL-2 (150 IU/ml) alone for 7 days and found that TYRO3+ 

NK cells expanded significantly more than TYRO3− NK cells (Fig. 5B), suggesting that 

TYRO3+ NK cells are more responsive to IL2 than TYRO3− NK cells.

As noted earlier, flow cytometric analysis showed that the APC K562 cell line has very 

modest expression of TYRO3 compared with the parental K562 cell line (Fig. 3A). We next 

generated APC K562 cells that stably overexpressed full-length TYRO3 (APC K562Tyro3) 

or the extracellular domain of TYRO3 with the PDGFRB transmembrane domain (APC 

K562ED-Tyro3). Since inactivated APC K562 cells are used to expand unmodified primary 

human NK cells or engineered NK cells, such as chimeric antigen receptor (CAR) NK 

cells, for clinical use, we tested whether primary human NK cells can acquire TYRO3 

from APC K562 cells inactivated by mitomycin. We observed that primary human NK 

cells could capture TYRO3 from both inactivated APC K562Tyro3 cells and non-inactivated 

APC K562Tyro3 cells (Supplementary Fig. S4A). The expansion of NK cells co-incubated 

with inactivated APC K562Tyro3 cells and IL-2 for 7 days was significantly higher than the 

expansion of NK cells co-incubated with APC K562 cells and IL2 for 7 days (Fig. 5C). With 

IL2 treatment, NK cells incubated with APC K562Tyro3 cells proliferated significantly more 

than those incubated with APC K562 cells (Fig. 5D). Furthermore, when NK cells were 

separated from tumor cells after co-incubation with either APC K562 or APC K562Tyro3 

cells for 1 h, we found that levels of p-STAT3, p-AKT and p-ERK in NK cells increased 

more with APC K562Tyro3 cell stimulation compared with APC K562 cell stimulation (Fig. 

5E).

When NK cells were co-cultured with APC K562ED-Tyro3 cells for 1 h, expression of 

TYRO3 was detected on the surface of NK cells (Fig. 5F). However, APC K562ED-Tyro3 

cells did not confer the same benefits on NK-cell expansion as observed with APC 

K562Tyro3 cells (Fig. 5G). In NK cells expanded with inactivated APC K562Tyro3 cells, 

the percentage of BrdU incorporated into DNA (Fig. 5H) and the proliferation rate 
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(Supplementary Fig. S4B) was significantly higher than in NK cells expanded with APC 

K562 or APC K562ED-Tyro3 cells. In contrast, there was no difference in cell apoptosis or 

cell survival among the three different groups of expanded NK cells (Supplementary Fig. 

S4C and S4D). We next generated APC K562 cells that stably overexpressed kinase dead 

full-length TYRO3 (APC K562Tyro3_K550A) with a K550A mutation (35). Similar to APC 

K562ED-Tyro3 cells, APC K562Tyro3_K550A cells did not confer the same benefits on NK-cell 

expansion observed with APC K562Tyro3 cells (Fig. 5I), even though expression of TYRO3 

was detected on the surface of NK cells when NK cells were co-cultured with the APC 

K562Tyro3_K550A cells (Fig. 5J).

Taken together, these results suggest that TYRO3 transferred to NK cells via trogocytosis 

may initiate signaling to control NK-cell activation. Consistent with a previous report (21), 

overexpression of TYRO3 in NK cells by transduction rather than trogocytosis did not 

enhance NK-cell expansion regardless of the presence or absence of IL-2 (Supplementary 

Fig. S4E).

TYRO3-expressing K562 feeder cells expand NK cells with similar in vivo antitumor activity

Since acquisition of TYRO3 by NK cells from APC K562 cells expressing TYRO3 

enhanced NK-cell ex vivo expansion, we assessed the function of these NK cells both in 
vivo and in vitro. Primary human NK cells were incubated with inactivated APC K562 

or APC K562Tyro3 cells in the presence of IL-2 (50 IU/ml) for 7 days and assessed 

for expression of surface markers. Expression of the activating surface markers CD16, 

DNAM-1, NKG2D, NKp30, and NKp46 showed no differences between NK cells expanded 

in the presence of APC K562Tyro3 or those expanded in the presence of APC K562 cells. 

NK cells expanded by APC K562Tyro3 cells expressed higher levels of CD25 and CD62L 

but lower levels of CD69 and NKp44 than NK cells expanded by APC K562 cells (Fig. 6A). 

We also assessed the function of the expanded NK cells via a CD107a degradation assay and 
51Cr cytotoxicity assay, and found that NK cells expanded with APC K562Tyro3 cells and 

APC K562 cells showed similar levels of CD107a degranulation (Fig. 6B) and cytotoxicity 

(Fig. 6C).

Next, the ability of NK cells expanded by APC K562Tyro3 cells to control tumors in 
vivo was investigated by engrafting NSG mice with luciferase-expressing K562 cells 

(K562_Luc), followed by treating the mice with or without APC K562_sIL15 NK cells or 

APC K562Tyro3_sIL15 NK cells. APC K562Tyro3_sIL15 NK cells significantly suppressed 

tumor burden at a level similar to that of APC K562_sIL15 NK cells, which was assessed 

by whole-body bioluminescence imaging (Fig. 6D). Thus, APC K562Tyro3_sIL15 NK cells 

display similar functions as APC K562_sIL15 NK cells in vitro and in vivo.

We next tested whether TYRO3 trogocytosis from tumor cells to NK cells occurred in vivo. 

For this purpose, NSG mice were engrafted with K562_Luc cells for 14 days, followed by 

treatment with sIL15 NK cells, and TYRO3 expression in human NK cells was assessed 

in different organs or tissues of mice 2 days post-treatment. We found that TYRO3 was 

highly expressed in human NK cells from the bone marrow and liver, moderately in the 

spleen, but barely in the peripheral blood of mice (Supplementary Fig. S5A). To assess if 

TYRO3 in these human NK cells was due to endogenous expression of the TYRO3 gene, 
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we sorted human NK cells from different organs or tissues of mice, followed by detection 

of TYRO3 at the mRNA level by RT-PCR. Our data showed that the endogenous expression 

of TYRO3 in these human NK cells was undetectable (Supplementary Fig. S5B), indicating 

that TYRO3 on those NK cells are acquired from K562_Luc cells in vivo via trogocytosis.

Discussion

Trogocytosis, which is a rapid process that occurs within minutes, consists of the active 

transfer of membrane fragments from one donor cell to a recipient cell in a strictly physical 

cell–cell contact-dependent manner (7). In our current study, we showed that the expression 

of TYRO3 in NK cells increased via trogocytosis from tumor cells to NK cells. We also 

found that there were no differences in TYRO3 trogocytosis from tumor cells to CD56bright 

and CD56dim NK cells in the absence of IL-2; however, when activated by IL-2, CD56bright 

NK cells captured more TYRO3 from donor cells than CD56dim NK cells. This may be 

explained by the fact that CD56bright NK cells express high-affinity heterodimeric IL2R, 

whereas CD56dim NK cells do not (36,37). We also characterized the functional and 

phenotypical differences between the subsets with and without trogocytosis of TYRO3. 

Of significance, we generated a novel feeder cell line that enhanced primary human NK-cell 

expansion, which could be used for future NK cell-based therapy.

NK cells activated by IL-2 acquired more TYRO3 from K562 and U937 cells compared with 

resting NK cells. Consistent with our results, previous studies have shown that trogocytosis 

may occur during cell–cell interactions between target cells and NK cells stimulated 

with IL2 alone (15,38); IL2 and PHA (16); IL2, PHA and irradiated peripheral blood 

lymphocytes as feeders (39); IL2 with K562-based feeder cells (14,40–42). The functional 

activity of NK cells is regulated by various inhibitory and activating receptors expressed 

on NK cells, some of which interact with HLA molecules (43). Target cells expressing 

MHC class I molecules are protected from NK-cell lysis by interactions between these 

molecules and inhibitory NK-cell receptors (44–46). In contrast, in the absence of these 

interactions, target cells become sensitive to NK-cell lysis through triggering of NK cell–

activating receptors. Compared with the U937 cell line, the K562 cell line is known as an 

NK cell–sensitive target due to lack of membrane MHC class I expression (47). Our data 

showed that more TYRO3 was acquired by NK cells from K562 cells than from U937 cells. 

Therefore, it seems trogocytosis is a universal process between NK cells and target cells, 

especially activated NK cells, and the amount of trogocytosis is correlated to the activation 

level of the NK cells as well the expression level of transferred molecules on target cells.

Phenotypic and functional consequences of trogocytosis in recipient cells can be different 

(48). The IL2-activated NK cell line NKL becomes suppressive after acquiring HLA-G1 

from an HLA-G1–transfected melanoma cell line (15). A reduction in NK-cell cytotoxicity 

is observed after the intracellular transfer of NKG2D from NK cells to target cells (40). 

Our results showed that upon encounter and activation by the NK cell–susceptible K562 

myeloid leukemia cell line, the acquisition of TYRO3 by NK cells significantly enhanced 

their cytotoxicity, IFN-γ production and expression density of activated surface proteins 

compared with TYRO3− NK cells. Expression of PD-L1, which is upregulated on NK cells 

after encounter with K562 cells (34), was significantly increased in TYRO3+ NK cells 
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compared with TYRO3− NK cells. Our previous study also revealed that PD-L1+ NK cells 

are more activated than PD-L1− NK cells (33), which is consistent with TYRO3+ NK cells 

being more activated than TYRO3− NK cells, as observed in our current study.

Trogocytosis is not a transfer of individual molecules or a part of an individual protein, 

rather it is the transfer of entire membrane patches that contain several proteins or an 

individual protein as a whole (10,49). Using C-terminal GFP-tagged H2-Dd, Andersson et al. 
showed that MHC molecules transferred from donor cells to NK cells are whole and include 

the intact intracellular part (50). Similarly, when we tagged TYRO3 with C-terminal fusion 

EGFP protein, the EGFP signaling was detected with TYRO3 together after trogocytosis, 

indicating that the TYRO3 molecules transferred from the tumor cells to the NK cells were 

likely full-length proteins. Not only can TYRO3 with the extracellular domain be transferred 

from target cells to NK cells, but also TYRO3 with a K550A mutation that yields a kinase 

dead TYRO3 protein (35), and the transferred TYRO3 with a kinase-dead domain lacked 

the functionality of transferred wild-type TYRO3. These data suggest that trogocytosis of 

TYRO3 from tumor cells to primary human NK cells is independent of TYRO3 kinase 

function, but the function of TYRO3 acquired by NK cells from tumor cells via trogocytosis 

is TYRO3-kinase dependent.

GAS6 and PROS1 are ligands of the TAM receptor family (51–53). K562 cells express 

high levels of GAS6 protein, whereas Molm-13, Jurkat, and U937 cells do not express 

GAS6 protein (54). Our data showed that IL2-stimulated NK cells could acquire TYRO3 

from K562 cells and U937 cells (at a low level) but not from TYRO3-overexpressing 

Jurkat cells, suggesting that trogocytosis of TYRO3 in NK cells can occur independent of 

GAS6. According to the ProteinAtlas database, PROS1 is expressed on K562, Jurkat, and 

U937 cells, whereas our data showed that only K562 cells and U937 cells (at a low level) 

but not Jurkat overexpressing TYRO3 could perform trogocytosis, further suggesting that 

trogocytosis is ligand independent.

The function of TYRO3 in humans is still not clear. According to another study, TAM 

family receptors attenuate NK-cell function and inhibition of TAM-receptor signaling 

prevents metastasis in a mouse tumor model in an NK cell-dependent manner (21). 

Mature primary human NK cells show little, if any, TAM receptor expression (22). 

TYRO3 overexpression in NK cells via viral transduction inhibited NK-cell proliferation 

under IL2-stimulation, which contrasts with our observation that NK cells acquiring 

TYRO3 via trogocytosis show enhanced proliferation. These data suggest there are critical 

differences between engineering NK cells with viral transduction and trogocytosis. This 

difference can be explained by two possible reasons. First, trogocytosis is not a transfer 

of individual molecules, but an entire membrane patch that may contain several proteins 

(10,49). When TYRO3 is transferred from tumor cells to NK cells, one or more related 

molecules may be transferred in a parallel. It is possible that unidentified molecules on the 

membrane patch co-transferred with TYRO3 may function as positive regulators. Second, 

TYRO3 acquired by trogocytosis and genetically expressed TYRO3 may have different 

post-translational modifications. This is important because the molecular weights of TAM 

family members vary in different tissues and cells due to posttranslational modifications 
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including glycosylation, phosphorylation, and ubiquitination (55), and these modifications 

may affect TAM-receptor function.

Because of safety concerns regarding the use of traditional viral transduction methods, 

several studies recently investigated engineering NK cells via trogocytosis in vitro. Srinivas 

et al. used trogocytosis as a tool to transiently express CCR7 on expanded human NK cells 

to enhance their homing to lymph nodes on adoptive transfer (41). Cho et al. generated 

expanded NK cells that had received an anti-CD19 CAR from a K562 cell line via 

trogocytosis, and used them to treat B-cell tumors (14). NK cells are complimentary to T 

cells as a promising tool for use in adoptive immunotherapy against different types of cancer 

due to their innate ability to recognize and lyse tumor cells through the rapid activation of 

a series of NK cell–activating receptors without the need for prior sensitization, along with 

their off-the-shelf potential (3). Thus, optimal expansion of NK cells ex vivo is important 

for NK-cell adoptive immunotherapy. Currently, APC K562-based feeder cells expressing 

chimeras of mbIL-21 have been developed into a cell line with full compendial testing 

for human clinical use to expand NK cells for clinical trials (56–59). Since NK cells that 

acquired TYRO3 via trogocytosis showed better proliferation, we engineered the APC K562 

cell line expressing high levels of TYRO3 to be used as a tool for NK-cell expansion ex 
vivo. Our results show that the newly generated APC K562 feeder cell line stably expressing 

TYRO3 is superior to the APC K562 cells line with low to absent TYRO3 for in vitro 
NK-cell expansion. Since TYRO3 acquired by trogocytosis cannot last very long, at the 

end of the cell manufacturing, NK cells do not express TYRO3, which is likely because 

almost all inactivated feeder cells die or are killed by NK cells. Consistent with this, NK 

cells expanded by the feeder cells expressing TYRO3 have in vitro and in vivo effector 

functions comparable to an equal number of NK cells expanded by feeder cells without 

TYRO3 overexpression.

To our knowledge, this is the first report that describes enhanced functions and enhanced 

expansion of NK cells following the acquisition of TYRO3 from a tumor feeder cell line 

via trogocytosis. We have developed a new APC K562 cell line as a tool to significantly 

enhance NK-cell expansion ex vivo. Our data suggest that trogocytosis could be a useful tool 

to modify human NK cells without genomic integration for adoptive immunotherapy for the 

treatment of cancer and infectious diseases.

Supplementary Material

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

The authors show TYRO3 is transferred to natural killer (NK) cells via trogocytosis from 

feeder cells, improving NK-cell proliferation ex vivo. This provides a potential novel 

strategy to manufacture NK cells for adoptive-cell transfer cancer immunotherapy.

Lu et al. Page 18

Cancer Immunol Res. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. TYRO3 expression on primary human NK cells is rapidly induced by TYRO3+ tumor 
cells.
(A) TYRO3, AXL, and MERTK expression was determined after primary human NK cells 

were co-cultured with or without K562 cells at an effector (E)/tumor (T) ratio of 10:1 for 

24 h. Representative flow cytometry plots from 4 different donors. Summary data of A are 

shown in (B). (C) Primary human NK cells were co-cultured with K562 at an E/T ratio of 

1:1 for the indicated times, and TYRO3 expression was determined on NK cells by flow 

cytometry. Data are summarized from 4 different donors. (D)Primary human NK cells were 

pre-treated without or with IL2 (150 IU/ml) overnight and then co-cultured with K562 cells 

at an E/T ratio of 1:1, followed by analysis of TYRO3 expression on NK cells by flow 

cytometry. Data are summarized from 7 different donors. (E) NK cells in (D) were divided 

into CD56bright and CD56dim NK-cell subsets. Representative flow cytometry plots and 

summary data of TYRO3 expression in these two subsets from 7 different donors are shown. 
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One-way ANOVA was used for B, D and E. P values were adjusted by the Holm-Sidak’s 

method. *, P<0.05; **, P<0.01; ****, P<0.0001. Data are presented as mean ± SD.
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Figure 2. Rapid induction of TYRO3 expression on NK cells by TYRO3+ tumor cells requires 
cell–cell contact.
(A) Representative flow cytometry plots and summary data (n = 3) showing TYRO3 

expression on NK cells from IL2-stimulated NK cells co-cultured with or without K562 

cells in trans-well plates, co-cultured directly with or without K562, or co-cultured with or 

without supernatant from K562 culture for 1 h at an E/T ratio of 1:1. (B) Representative 

flow cytometry plots and summary data (n = 5) showing TYRO3 expression on NK cells 

from IL2-stimulated NK cells co-cultured directly with or without K562, or with or without 

supernatant from NK cells and K562 co-cultures for 1 h at an E/T ratio of 1:1. (C) 
Representative flow cytometry plots and summary data (n = 4) showing TYRO3 expression 

on NK cells from IL2-stimulated NK cells co-cultured with K562 or K562Tyro3-KO for 1 

h at an E/T ratio of 1:1. (D) Representative flow cytometry plots and summary data (n 

= 3) showing TYRO3 expression on NK cells from IL2-stimulated NK cells co-cultured 

with Molm-13 or Molm-13Tyro3-OE for 1 h at an E/T ratio of 1:1. (E) Nonlinear regression 

analysis of the correlation between the percentages of acquired TYRO3 on NK cells and 

their corresponding TYRO3% on K562 cells. The correlation as calculated by Pearson test 
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was statistically significant. Data are summarized from 3 different donors. (F and G) NK 

cells pre-treated with or without IL2 (150 IU/ml) were co-cultured with K562 for 1 h at 

an E/T ratio of 1:1. Summarized data show kinetics of persistence of acquired TYRO3 

on NK cells (after sorting separation) from 4 independent experiments. One-way ANOVA 

was used for A–D and Pearson correlation coefficient for E. P values were adjusted by the 

Holm-Sidak method. *, P<0.05; **, P<0.01; ***, P<0.001. Data are presented as mean ± 

SD.
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Figure 3. Tyro3-EGFP can be transferred from tumor cells to human NK cells via trogocytosis.
(A) Representative flow cytometry shows TYRO3, AXL and MERTK expression on 

parental K562 and APC K562 cells, confirming that the APC K562 cells barely express 

TYRO3. (B) NK cells did not express TYRO3 after co-cultured with APC K562 cells at 

an E/T ratio of 1:1 for 1 h. Each experiment was performed with 4 different donors. (C) 
The construct design of the Tyro3-EGFP fusion protein. G4S linker, Gly-Gly-Gly-Gly-Ser. 

(D) Representative flow cytometry plots showing co-culture of NK cells with APC K562 

cells overexpressing TYRO3 with C-terminal fusion EGFP (APC K562Tyro3-EGFP). Each 
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experiment was performed with NK cells from 3 different donors. (E) PCR analysis of 

TYRO3 expression in NK cells after co-cultured with APC K562Tyro3-EGFP cells. K562 

cells were used as positive control for endogenous TYRO3 transcript and served as negative 

control for transgenic TYRO3 transcript. TYRO3− and TYRO3+ NK cells both lacked the 

expression of endogenous and transgenic TYRO3 transcript over the entire 4 h period of 

co-culture. GAPDH was used as control for quality of cDNA synthesis. Each experiment 

was performed with 3 different donors.
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Figure 4. NK-cells acquiring TYRO3 via trogocytosis possess improved effector functions.
(A and B) Representative flow cytometry plots and summary data from 7 different donors 

showing the expression of CD107a and IFN-γ in TYRO3− and TYRO3+ NK cells after NK 

cells were co-cultured with K562 cells for 24 h at an E/T ratio of 10:1. (C) Expression 

of IFNG was assessed by qRT-PCR in FACS-sorted unstimulated, TYRO3− and TYRO3+ 

NK cells after NK cells were co-cultured with K562 cells for 24 h at an E/T ratio of 10:1. 

Summary data are representative from 5 different donors. (D) The protein levels of GZMB 

and PRF1 were assessed by immunoblotting in FACS-sorted TYRO3− and TYRO3+ NK 

cells after IL2-stimulated NK cells were co-cultured with K562 cells for 4 h at an E/T ratio 

of 1:1 with GlogiPlug. Summary data are for 3 different donors. (E) TYRO3− and TYRO3+ 

NK cells were FACS-sorted after NK cells were co-cultured with K562 cells for 24 h at 

an E/T ratio of 10:1, then co-cultured with 51Cr labeled-K562 or −721.221 cells for 4 h, 

followed by quantification of specific K562 or 721.221 cell lysis. Data are summarized from 
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4 different donors. (F-I) Primary human NK cells were incubated with or without K562 cells 

for 24 h at an E/T ratio of 10:1. (F) Summary data of activating receptors (CD25, CD62L, 

CD69, CD94, TRAIL and NKp80) on NK cells from 6 different donors. (G) Summary data 

of KLRG1 on NK cells from 6 different donors. (H) Summary data of exhaustion markers 

(TIM-3 and TIGIT) on NK cells from at least 5 different donors. (I) Summary data of 

PD-L1 on NK cells from 6 different donors. One-way ANOVA was used for A–C and G–I, 

paired t test for D, multiple t test for E, and two-way ANOVA for F. P values were adjusted 

by the Holm-Sidak’s method. *, P<0.05; **, P<0.01; ***, P<0.001. Data are presented as 

mean ± SD for A, B, D and F–I and as mean ± SEM for C and E.
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Figure 5. Acquisition of TYRO3 by NK cells enhances NK-cell ex vivo expansion.
(A)TYRO3− and TYRO3+ NK cells were FACS-sorted and incubated with inactivated APC 

K562 cells in the presence of IL2 (50 IU/ml) for 7 days, followed by enumerating live 

NK cells on day 7 (n = 9). (B) TYRO3− and TYRO3+ NK cells were FACS-sorted and 

cultured in the presence of IL2 (150 IU/ml) for 7 days, followed by enumerating live NK 

cells on day 7 (n = 4). (C)Primary human NK cells were incubated with inactivated APC 

K562 cells or APC K562Tyro3 in the presence of IL2 (50 IU/ml) for 7 days, followed by 

enumerating live NK cells on day 7 (n = 9). (D) Primary human NK cells were incubated 

with APC K562 cells or APC K562Tyro3 for 1 h. Then, NK cells were separated from tumor 

cells, followed by co-culture with IL2 (50 IU/ml) for 7 days, followed by enumerating live 

NK cells on day 7 (n = 3). (E)Primary human NK cells were incubated with APC K562 

cells or APC K562Tyro3 for 1 h. Then NK cells were separated from tumor cells, followed 

by immunoblotting assay. Summary data of p-STAT3Ser727, p-AKT or p-ERK expression 

are presented after being normalized to β-Actin expression. Each experiment was repeated 
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with NK cells from at least 3 different donors. (F) TYRO3 expression was determined after 

IL2-stimulated primary human NK cells co-cultured with APC K562ED-Tyro3 cells for 1 h 

at an E/T ratio of 1:1 (n = 3). (G) Primary human NK cells were incubated with APC 

K562 cells, APC K562Tyro3 or APC K562ED-Tyro3 in the presence of IL2 (50 IU/ml) for 7 

days, followed by enumerating live NK cells on day 7 (n = 5). (H) NK cells in (G) were 

followed by BrdU assay with 3 different donors. (I) Primary human NK cells were incubated 

with APC K562 cells, APC K562Tyro3 or APC K562Tyro3_K550A in the presence of IL2 (50 

IU/ml) for 7 days, followed by enumerating live NK cells on day 7 (n = 6). (J) TYRO3 

expression was determined after IL2-stimulated primary human NK cells were co-cultured 

with APC K562Tyro3_K550A cells at an E/T ratio of 1:1 (n = 3). Paired t test was used for 

A, C and E, two-way ANOVA for B and D, one-way ANOVA for G–I. P values were 

adjusted by the Turkey’s or Holm-Sidak’s method. *, P<0.05; **, P<0.01; ***, P<0.001; 

****, P<0.0001. Data are presented as mean ± SD.
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Figure 6. TYRO3-expressing K562 feeder cells expand NK cells with similar in vivo antitumor 
activity.
(A-C) Primary human NK cells were incubated with inactivated APC K562 cells or APC 

K562Tyro3 cells in the presence of IL2 (50 IU/ml) for 7 days. Summary data from 3 different 

donors showing the expression of surface markers on NK cells expanded with APC K562 

cells or APC K562Tyro3 cells (A). Representative flow cytometry plots and summary data 

from 3 different donors showing the expression of CD107a on NK cells expanded with 

APC K562 cells or APC K562Tyro3 cells for 4 h at an E/T ratio of 4:1 (B). NK cells 

expanded with APC K562 cells or APC K562Tyro3 cells were co-cultured with 51Cr-labeled 

K562 cell line for 4 h, followed by quantification of specific K562 cell lysis. Data are 

summarized from 3 different donors (C). (D) Primary human NK cells were incubated with 

APC K562Tyro3 or APC K562 cells in the presence of IL2 (50 IU/ml) for 4 days. Then 

cells were transduced with a retrovirus vector expressing soluble IL15 (sIL15) for 48 h. 

On day 6, transduced NK cells were stimulated with APC K562Tyro3 cells or APC K562 
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cells in the presence of IL2 (50 IU/ml) for another 7 days prior to harvest and storage 

for following usage. On day 0, mice were injected with 1×106 K562_Luc cells and then 

treated with 10×106 sIL15 NK cells expanded with APC K562 (APC K562_sIL15 NK) 

or APC K562Tyro3 (APC K562Tyro3_sIL15 NK). On day 1, mice were treated with a 2nd 

dose of these NK cells. Bioluminescence imaging was performed on days 9 and 14. Five 

mice in each group. Two-way ANOVA was used for A. **, P<0.01; ***, P<0.001. Data are 

presented as mean ± SD.
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