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Abstract

Natural killer (NK) cells have exhibited therapeutic potential for various malignant tumors.
However, the cytotoxic effect of NK cells is relatively weak and less specific compared to other
immunotherapy approaches such as chimeric antigen receptor T-Cell (CART) therapy,
consituting a great challenge for adoptive immunotherapy. Here, we report cell
membrane-encapsulated magnetic nanoparticles for activating NK cells and enhancing
anti-tumor effects. Magnetic nanoparticles were coated with silico.. dioxide (Si0,), and cancer
cell membranes were mixed with Fe;O4@Si0, to constr:>t ccacer cell membrane coated
Fe;04@S10, magnetic nanoparticles (CMNPs). The .'nctionalized nanoparticles bearing
cancer-specific antigens on the surface effectively stimu.. ‘ed NK cells by enhancing expression
of surface activating receptors and boosting ant’-t. ne. function through the secretion of soluble
cytotoxic effectors. To conclude, the bic ninctic magnetic nanoparticles offer a versatile and
powerful tool to present tumor-speciu.~ antigens, priming anti-tumor capability, which is

promising to enhance NK cell-base” ac~rtive cancer immunotherapy.
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Introduction



Cancer immunotherapy aims to achieve efficient tumor killing by stimulating the body’s
own immune system'™. Recently, a number of emerging cancer immunotherapy strategies
including monoclonal antibodies (mAbs) *°, immune checkpoint blockade °®, adoptive cellular

19 and cancer vaccines * '? have revolutionized traditional cancer treatment and

therapy *
achieved encouraging clinical outcomes. Of them, adoptive cellular therapy is a promising
approach whereby autologous immune cells are isolated and activated prior to infusing back into
patients to directly kill tumors or to stimulate the host’s tumor- ~0ecific immune responses.
Recently, the efficacy of natural killer (NK) cell-based eZ~u.e immunotherapy has been
reported in a number of solid tumors and hematological mc'ignancies, showing great therapeutic
potential in cancer treatments ***°. Upon binding targe® cells, NK cells present up-regulated
expression of surface activating receptors (i.e., Mt52'), NKp30, NKp44, and NKp46) for tumor
killing 1" 8. Alternatively, NK cells car inf.ract with the fragments of immunoglobulin G1
(1gG1) through FcyRIIla (CD16) for am.~ody-dependent cellular cytotoxicity (ADCC) mediated
tumor killing *. NK cells derived ~nlLh'2 factors such as granzyme B and perforin can also be
directly involved in tumor kiliiaq <". Within larger immune response cascades, NK cells can
possess immunomodulatens cFects through recruiting T lymphocytes to participate in the
adaptive immune respon.~s by secreting IFN-y, IL-2, etc ?*. Importantly NK cells, as opposed to
T lymphocytes, do not induce graft-versus-host disease (GVHD) owing to immune compatibility
2223 'making them suitable for a wide range of autologous and allogenic contexts. However, the
proportion of human NK cells is low (i.e., approximately 5-7% of lymphocytes) in peripheral

blood, and they are generally in a dormant/silent state, meaning they cannot meet the current

clinical demand for therapeutic applications.



Currently, the NK cell-based adoptive immunotherapy requires the isolation of NK cells
from the peripheral blood a patient or a healthy donor, followed by in vitro activation and
expansion, and then infusion to the patient for oncotherapeutic effects % 2*%°. This strategy is
highly dependent on co-culturing of artificial antigen-presenting cells (4-1BBL-mIL-21-K562
cells) capable of stimulating trans-membrane IL-21 on NK cells ?* 2", Though effective, this
approach still suffers from the disadvantages due to the presence of the residual feeder cells and
long expansion time, limiting the clinical application of NK cell-bus~d adoptive immunotherapy.
In workarounds, strategies such as NK cell-encapsulated nu.zus microspheres have been
employed as more targeted approaches that can decrea.~ the amount of NK cells needed,
whereby direct injection in tumor sites can inhibit the g, ~wth of tumor cells and prevent tumor
recurrence *3. Nevertheless, the functionality n1 ‘K. cells needs to stimulated for enhanced
treatment outcomes. As such, biomimetic ‘ng’.ieering nanoreactors using cancer cell membranes

has been widely used for functional mimicking 2* %

. For instance, Cao et al., reported
drug-delivery liposomes encapsule*~d "~ macrophage membranes for targeting metastatic sites
of lung cancer *°. The macroph. e niembrane was modified to enhance the tumor targeting and
cellular uptake of drug-de!*‘\  liposomes, promoting the inhibitory effects on cancer metastasis.
In another study, Fang ot al., used cancer cell membranes derived from B16-F10 mouse
melanoma cells to coat a PLGA core as a means of cancer vaccination *!. Several recent studies
have also reported that cancer cell membrane-encapsulated nanomaterials with tumor-specific
antigens can activate dendritic cells (DCs), and present antigens to T cells, inducing T

cell-mediated responses against cancer 3°. However, the nanoparticle-based antigen-presenting

strategy for NK cell activation in vitro has not been reported.



Here, we developed an in vitro NK cell activation strategy by encapsulating magnetic
nanoparticles in tumor cell-derived membrane with embedded tumor-specific antigens for
enhanced NK cell-based immunotherapy (Figure 1). Magnetic Fe;O4 nanoparticles were first
modified with a silicon dioxide layer to increase biocompatibility, stability and dispersion, and
then encapsulated into HepG2 hepatoma cell-derived cellular membranes, forming cancer cell
membrane coated Fe;O,@SiO, magnetic nanoparticles (CMNPs). These nanoparticles
upregulated the expression of surface activating receptors anu markers on NK cells and
subsequently induced the secretion of cytotoxic factors /z ., perforin and granzyme) for
enhancing NK cell-mediated anti-tumor effects against He2G2 cells. Interestingly, the activated
NK cells also showed cytotoxicity against A375 melanc:na cells. Thus, cell membrane-based
biomimetic magnetic nanoparticles, due to erh.rced tumor antigen-presentation, hold great

potential for cancer adoptive immunothere .

Methods
Preparation of superparamagne.ic Fe3s0,@SiO; core-shell nanoparticles

To synthesize superaicriagnetic FezO,@SiO, core-shell nanoparticles, we used a
hydrothermal method. I, brief, 0.26 g FeCls, 0.40 g PSSMA, 1.20 g NaAc, 60 uL. H,O and 16
mL EG from Sigma-Aldrich (St Louis, USA) were vigorously stirred for about half an hour until
the solution became uniformly yellow by using a magnetic stirrer at room temperature. Next,
0.24 g of sodium hydroxide was added to the solution with constant stirring until fully dissolved
% Then, the solution was mixed with 20 mL of tetrafluoroethylene in a stainless-steel autoclave,
with the resulting hydrothermal reaction being regulated at 190 °C for 9 h. After allowing the

solution to cool down to an ambient temperature, the Fe3O4 nanoparticles were magnetically



separated. Next, a solution of ethanol and water at a ratio of 1:1 was used to disperse and wash
the magnetically separated Fe3O4 nanoparticles three times, and was finally dispersed in H2O.
The SiO, shell was capped on FesO, nanoparticles by a modified Stober method *. An aqueous
solution containing Fe3O4 nanoparticles was added to 2 mL of ammonium hydroxide and 40 mL
of ethanol, followed by 5 minutes of sonification. The solution was then deposited in a 25 mL
three necked flask submerged in water at 50 °C, and then was stirred at 600 rpm for 10 min. The
mixture was continuously stirred for 1 h, and every 20 min, 20 .'. of tetraethyl orthosilicate
(TEOS) was added. Finally, the Fe;O,@SiO, nanoparticles “*«,2> magnetically separated, and

rinsed three times with a 1:1 ethanol and water mixture bei.ve being finally dispersed in water.

Preparation and characterization of CMNPs

To synthesize the CMNPs, cancer ce:[ mambrane was separated following the instructions
of Membrane and Cytoplasmic Protein Zxtraction kit (Sangon Biotech, Shanghai). The cancer
cells were lysed and the cell susper-io.» *vas immediately undergone through a repeated freezing
and thawing cycle in liquid nirogen for 6 times **. Then, the cell pellet was removed via
centrifugation for 10 min =t 4220 rpm. The resulting supernatant containing the cytoplasm and
membrane was centrit.ated at 18,000 rpm for 1 h in order to isolate them. The cancer cell
membranes were washed by rinsing once with cool 1x PBS once and spun down at 14,800 rpm
for 10 min. The membrane pellet was resuspended in 1xPBS and mixed with FesO,@SiO,
core-shell nanoparticles, and then was filtered via a 400 nm pore size polycarbonate membrane
by aHandExtruder (Genizer LLC, California, USA). Then, the mixture was spun again at 14,800
rpm for 20 min to collect the CMNPs in the pellet. As a control for future experiments, cancer

cell membranes not mixed with the Fe;0,@SiO, core-shell nanoparticles were passed through
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the polycarbonate membrane with a pore size of 400 nm as well. Finally, the CMNPs and cancer
cell membranes were stored in 1 x PBS solution at 4 °C. The nanostructures of the Fe3Ou,
Fes0,@SiO; nanoparticles and CMNPs were assessed using transmission electron microscopy
(TEM) (JEOL, JEM-2100). No staining was used while imaging with TEM. A Zetasizer Nano
instrument (Malvern Instruments, Worcestshire, UK) was used to determine the hydrodynamic
dimensions and {-potentials of Fe3O4, Fes0,@SiO,, CMNPs and cancer cell membrane vesicles.
For detecting the encapsulation efficiency of cancer cell membra.» coating on the surface of
Fe30,@SiO; nanoparticles was calculated by the below formi-!>
Encapsulation efficiency (%) = meotai-Mfree/Mrotar X1 %
Where mqo:ar refers to total mass of cancer cell membi. e proteins, and mgre. is the mass of

cancer cell membrane proteins in the supernatan*.

Characterization of tumor-associated an.’nens on CMNPs

SDS-PAGE electrophoresis w2s ¢~ ducted to evaluate the profile of protein expression in
the cancer cell lysate, CMNPs, anu cancer cell membranes. A Membrane and Cytoplasmic
Protein Extraction kit wz uocd to separate the membrane proteins from the cancer cell
membrane and CMNPs, vhich was further characterized using gel electrophoresis. A uniform
protein concentration was used for all samples, and Coomassie Blue was used for staining.
Cancer cell cytosol was performed as a control. Moreover, tumor-specific membrane protein
epidermal growth factor receptor (EGFR) was detected by western blotting with uniform protein
concentration in all samples. In the western blot, following the electrophoresis on a 10%
SDS-polyacrylamide gel, samples were moved onto polyvinylidene fluoride (PVDF) membranes

(Millipore, Bedford, MA, USA). Each sample was then treated with primary EGFR-Specific



Rabbit Polyclonal antibody and -actin antibody (Proteintech, Chicago IL, USA), followed with
HRP-conjugated Affinipure Rabbit Anti-Goat 1gG (H+L). The protein signals were measured
with ChemiDoc MP Imaging System (Bio-Rad, CA, USA). B-actin protein signals were also
observed as a loading control. In addition, the expression of membrane-specific MHC class |
chain-associated molecules A/B (MICA/MICB) in CMNPs was detected by flow cytometry.
CMNPs were briefly incubated with PE anti-human MICA/MICB antibody (Biolegend, San
Diego, CA) for half an hour at 4 °C and then detected by the “ACS Calibur system (BD

Biosciences).

Isolation of NK cells from peripheral blood

Peripheral blood mononuclear cells (PBM . were isolated from venous blood of healthy
donors by density gradient centrifugatior piified NK cells were then isolated from PBMCs
following the instructions of NK Cen lsolation Kit (Miltenyi Biotec, Germany). First, we
prepared single cell suspensions ~nc¢ retermined the number of cells. Simultaneously, we
prepared a PBS solution (pH =" 2) consisting of 2 mM EDTA and 0.5% BSA. Then, we added
10 pL of NK cell biotin-a~tiboy for every 107 cells, and incubated at 4 °C for 5 min. Next, we
added 30 pL separatioi. buffer to 20 uL of NK cell MicroBead cocktail (Miltenyi Biotec,
Germany) to 10’ cells, which was then mixed well and incubated at 4 °C for 10 min. Finally, NK

cells were automatically separated using autoMACS® Pro Separator (Miltenyi Biotec, Germany).

Biocompatibility of Fe3O,@SiO, nanoparticles
The biocompatibility of Fe;0,@SiO, nanoparticles with NK cells was evaluated using Cell

Counting Kit 8 (CCK8) (Dojindo, Kumamoto, Japan). NK cells (8x10*/mL) were seeded into



each well of a 96-microwell plate for 100 uL and co-cultured with 0, 25, 50, 100, 250, and 500
ug/mL of Fes0,@SiO, for 24 h. Then, the cell viabilities were measured in accordance with the
instructions from the manufacturer. The CCK-8 working reagent (1/10 volume of culture
medium) was pipetted into each well and then maintained with 5% CO, concentrations at 37 °C
for 3 h. Finally, a plate reader (Synergy™ HTX) was utilized to measure the absorbance at 450

nm.

Characterization of activated NK cells stimulated by CMNPs

The cytotoxicity of CMNPs containing various men..rane proteins towards NK cells was
evaluated similar to the section above. NK cells (8x10"<1L) were seeded into a 96-microwell
plate and co-cultured with CMNPs containing ¢, © 1, 25, 50, 100, and 250 ug total membrane
protein for 24 h. Then, the NK cell via'lit, was measured using CCK8 assay. The protein
profile of activated NK cells was cha ~cterized using Enzyme linked immunosorbent assay
(ELISA) and flow cytometry. Fi-st, the NK cells (1x10°/mL) were exposed to CMNPs
containing 0, 5, 10, 25 ug tota. meinbrane protein for 12 h, 24 h, and 48 h. Then, to reduce
potential prolonged and wonte ™ influence of magnetic CMNPs towards NK cells, CMNPs were
removed by a magnet a.*er NK cells were activated. The concentration of granzyme B, IFN-y
and perforin from NK cells were determined using ELISA assay kits (Neobioscience, Shenzhen,
China) according to the instructions from the manufacturer. Absorbance measurements were
conducted at the wavelength of 450 nm using a plate reader. To facilitate flow cytometry, NK
cells were seeded into 24-well plate at the number of 1x10°/mL and cocultured with CMNPs
containing 10 pg total membrane protein for 12 h. After removal of CMNPs, the activated NK

cells were rinsed and then resuspended in PBS and cocultured with the following antibodies:



PE-conjugated  anti-NKp30  (1gGl1, AF29-4D12), anti-NKp44 (IgG2b, 44.189),
PE-Cyanine7-conjugated anti-NKG2D (IgG2b, 1D11), and anti-NKp46 (IgG1, 9E2) antibodies
from eBioscience (San Diego, USA). FACS Calibur (BD Biosciences). Data analysis was

executed using CellQuest Pro software.

In vitro anti-tumor activity testing of activated NK cells

To test the cytotoxicity of the NK cells activated by CMNt >~ Calcein-AM staining and
lactate dehydrogenase (LDH) release test were utilized. The *'~uCZ and A375 cells (2x10°/mL)
were pre-labelled with calcein-AM for 15 min, then seede.' in 24-well plate and cultured for 24
h. NK cells were first stimulated with CMNPs containing *J pg total membrane protein for 24 h,
then HepG2 and A375 cells were exposed to non-*imulated NK cells or CMNPs-stimulated NK
cells for 6 h or 12 h with an effector (E): tarret (T) ratio of 1: 5, 1:1, or 5:1. Cell staining was
carried out using Calcein-AM staining assay kit in conjunction with a Nikon Al confocal
fluorescence microscope to visi'~liz» the anti-tumor activity. LDH assay kit (Dojindo,
Kumamoto, Japan) was utilize! to quantify the tumor Kkilling effect of activated NK cells

according to the manufact'e1 '~ instructions.

Statistical analysis

Statistical analysis was conducted using the Origin 9.1 software. Data are plotted as mean + SD.
The comparisons between groups were evaluated by one-way analysis of variance (ANOVA) test.

A P value < 0.05 was used to indicate statistical significance.

Results
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Fabrication and characterization of composite CMNPs

Figure 1 shows the process of preparing CMNPs. First, FesO, magnetic nanoparticles were
synthesized, and SiO, was modified on the surface to construct biocompatible Fe;0,@SiO;
nanoparticles. Results from the scanning electron microscopy (SEM) show the surface
topography of Fe;O,@SiO, and Fe3O, nanoparticles. Figure S1 shows the diameter of
FesO0,@SiO; nanoparticle increased, and its surface became smoother after modification with
SiO,. Next, purified cell membrane was isolated from HepG2 cells .nd mixed with Fe;0,@SiO;
nanoparticles to fabricate functionalized CMNPs. Through pr2te. concentration determination,
we found that the encapsulation efficiency of cell memu.ane on nanoparticles were 70.6% =
0.54%. The morphology of Fe;04, Fes0,@SiO, and CM™iPs was characterized by transmission
electron microscopy (TEM). Figure 2, A show's *ae CMNPs were nearly spherical and had a
core-shell structure after cancer cell men arar.e encapsulation. Dynamic light scattering (DLS)
experiments demonstrate that the mean \>dius of Fe;O,@SiO, nanoparticle was 210 nm, and the
cancer cell membrane were arourd 227 nm in radius. After coextrusion and centrifugation,
Figure 2, B shows the CMNy = were approximately 220 nm in radius, and the cancer cell
membrane layer on the s*ta>~ of Fe;0,@SiO, were approximately 10 nm in size. The zeta
potential measurement si.2wed that the average surface charge of Fe;0,@SiO, nanoparticle after
SiO; coating changed to -38 mv, while the surface charge of final CMNPs was approximately
-28 mv (Figure 2, C). Compared with Fe;0,@SiO, nanoparticle, the size of CMNPs was slightly
larger and the surface charge raised to the equivalent level as the cell membrane due to the
cancer membrane coating. Taken together, the cancer cell membrane was successfully coated as

the outer layer of CMNPs.
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Characterization of tumor-associated antigens on CMNPs

To determine whether functionalized membrane proteins were retained on the CMNPs, the
protein content of CMNPs was first analyzed by gel electrophoresis. Coomassie staining shows
the protein profile of cancer cell membrane and cancer cell lysate, and the protein profile of
CMNPs was in accordance with that of cancer cell membrane (Figure 3, A). This further
indicates that the cancer cell membrane was successfully coated on the surface during the
preparation of CMNPs. Next, to confirm the retaining of tumor-associated antigens on CMNPs,
we analyzed the expression of EGFR via western blot. Figurs 2. 2 shows the membrane protein
EGFR was observed in cancer cell membrane and CMN:'s, while cytoplasmic protein marker
B-actin was not detected on the CMNPs, indicating tr.* the cell membrane was specifically
isolated and the protein content was retained in the ‘ab.ication process of CMNPs. In addition, as
the expression of membrane receptors VIICA/MICB reflect the sensitivity and anti-tumor
responses of NK cells, we then detecte' the presence of membrane receptor MICA/MICB on
CMNPs using flow cytometry. Th~ a2'ysis results display that the level of MICA/MICB on
CMNPs with HepG2 cell memL. ane coating was up to 86.2%, which proved to be feasible for in
vitro stimulation of NK c2'ls. Tnese results show that cancer cell membrane was successfully
purified, and tumor-asso.iated antigens were retained in the synthesis of functionalized CMNPs

by coextrusion and centrifugation.

Functional characterization of activated NK cells stimulated by CMNPs
The cytotoxic effects of Fe30,@SiO, nanoparticles to NK cells were first detected by the
CCK8 assay. Figure S2 shows Fe3O,@SiO, exhibited good biocompatibility to NK cells at a

concentration below 100 pg/mL. To diminish the effects of Fe;O,@SiO, nanoparticles on NK
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cell growth, 50 ng/mL Fes0,@SiO; was selected to fabricate CMNPs with various amounts of
membrane protein. To investigate the potential cytotoxic effects of CMNPs, concentrations of
membrane protein was varied within the CMNP solutions added to NK cells, and the viability of
NK cells cocultured with CMNPs was measured. Figure S3 shows the CMNPs with high
amount of total membrane protein over 25 ug exhibited cytotoxicity to NK cells. Therefore,
CMNPs with total membrane protein below 25 ug were used to activated NK cells. To assess the
anti-tumor capability of CMNP-stimulated activated NK cells, the .oncentration of cytokines of
NK cells, including granzyme B, IFN-y and perforin, secretez u, ‘e supernatant was measured
via ELISA. Figure 4, A-C shows that the NK cells stimuic:ed by CMNPs with 10 or 25 pg total
membrane protein had markedly elevated secretion of nr.<zyme B, IFN-y and perforin owing to
the activation of NK cells. As tumor-killing a~dity of NK cells is related to the surface
expression levels of activating receptors, flov. cytometry was used to detect the expression of
surface receptors such as NKG2D, NKpc. NKp44, NKp46 and CD69 on NK cells stimulated by
CMNPs. The results of flow cytor=tr * show that the expression of NKG2D, NKp30, NKp44,
NKp46 and CD69 on activatc1 NK cells increased after 12 h of culturing with CMNPs
containing 10 pg total merhr. . protein. Therefore, by co-culture with CMNPs with more time,
NK cells were activatea ‘o secret more cytotoxic factors and possessed enhanced tumor-Kkilling

ability.

In vitro killing of tumor cells by CMNPs-stimulated NK cells
To investigate the cytotoxicity of CMNPs-stimulated NK cells, co-culture of HepG2 or
A375 cells with non-stimulated NK cells or CMNPs-stimulated NK cells was performed.

Calcein-AM staining shows the survival rate of HepG2 (Figure 5, A and B) or A375 (Figure 5,

13



C and D) cells after co-culturing with non-stimulated NK cells or CMNPs-stimulated NK cells
for 12 h. Activated NK cells had significantly more tumor cell killing effects at an
effector-to-target (E:T) ratio of 5:1 than the non-stimulated NK cells. In addition, the level of
lactate dehydrogenase (LDH) release after 12 h co-culture of HepG2 cells with the unactivated
and the CMNP-stimulated NK cells was measured. Figure 6, A shows that the cytotoxic effects
of the unactivated and the CMNP-stimulated NK cells, co-cultured with HepG2 cells for 12 h
with 5:1 E:T ratio, were 18.6% and 86.2%, respectively. In addition, when the E:T ratio was 5:1,
the level of LDH in the supernatant of culture medium from 2.2 Z Zells co-cultured for 12 hours
with unactivated and CMNP-stimulated NK cells were 20.2" and 89.6%, respectively (Figure 6,
B). The results demonstrate that the NK cells activated hy ~MNPs had stronger Killing effects on

HepG2 cells and A375 cells than the unactivatec [ '« c:lls.

Discussion

As the proportion of NK ce'ls i peripheral blood is low, and that their isolation is
expensive and time consuming, it is difficult to meet current clinical needs. Adoptive NK cell
immunotherapy, although =r0,~ising, is significantly affected by these limitations since NK cells
are extracted from the pe.ipneral blood of healthy volunteers or cancer patients and are activated
and proliferated under the stimulation of artificial antigen presenting cells before being infused
back to the patient. Currently, this workflow is highly dependent on NK cell stimulation by
artificial antigen presenting cells (i.e., 4-1BBL-mbIL21-K562 cells), through surface expressed
transmembrane 1L-21%2". Although their stimulation is effective, the method still has limitations
due to the risk of K562 cell residues and the unsolved issue of time-consuming NK cell

proliferation.
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Membrane encapsulation technology has been widely applied in the field of biomedicine®
%7 In order to mimic the antigenic stimulation of NK cells in vitro, we prepared multifunctional
nanoparticles with an antigenic cell membrane coat to activate NK cells. Magnetic nanoparticles
coated with silicon dioxide were selected as inorganic carriers to deliver tumor cell membranes.
These nanoparticles can be rapidly assembled and separated under the guidance of magnets, as
well as decrease the risk of residual stimulator cells in NK cell infusions. The outer layer of our
magnetic nanoparticles was coated silicon dioxide to elicit higher c~lloidal stability and greater
biocompatibility. A biomimetic "tumor cell" could then be s=Ysczuently prepared by wrapping
antigenic tumor cell membranes around these SiO,-n.~ditied magnetic nanoparticle. We
demonstrate these CMNPs can potentially play a kev ,~e in stimulating NK cell activation,
carrying a variety of membrane proteins, such as E%F' and MICA/MICB. NKG2D, an activated
receptor on the surface of NK cells, can re ogr.ize MICA/MICB protein expressed by tumor cells
under stress, thus triggering NK cells to ~lear tumor cells*® . We found that MICA/MICB was
highly expressed and retained on th~ tumor cell membranes of CMNPs, suggesting that CMNPs
could be used to stimulate NK ¢ !ls i vitro.

NK cells are the firet w22 of innate immunity in the body, functioning in identifying
abnormal cells or invadi"q pathogens. The cytotoxic effect of NK cells depends on the number
of cells and effective killing activity. The activity of NK cells is regulated by the dynamic
balance betwen signals from activated and inhibited surface receptors*. During NK cell
activation, surface activated receptors such as NKG2D, NKp46, NKp30, and NKp44 provide
activation signals that trigger cytotoxic effects and secretion of cytokines. Therefore, when NK
cells are in the activated state, the expression of activated receptors on the cell surface and the

level of secreted cytokines will be increased, which aligns with our results demonstrating that
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CMNPs can effectively activate NK cells. Compared with unstimulated NK cells,
CMNP-stimulated NK cells showed upregulated expression of activated receptors and increased
secretion of killing cytokines. Furthermore, we evaluated the anti-tumor capacity of NK cells
activated by CMNPs in vitro, demonstrating that the activated NK cells had significant tumor
killing activity.

Reporting biomimetic cancer cell membrane-encapsulated magnetic nanoparticles for
activating NK cells in vitro, we propose that the cancer cell membi.ne coated on CMNPs serves
a promising antigen presenting platform to activate NK cells 2v :rinancing the expression level
of hallmark receptors, and increasing the secretion o° cytotoxic factors, this may may
synergistically intensify the NK cell-mediated cytotna™ity. NK-cells activated by antigens
presented on the surface of CMNPs demonstra*e.' sir,nificant killing effects on hepatoma cells
and melanoma cells, therefore, CMNPs car be an important future toolkit towards clinical

translation, supplementting adoptive carn.>r immunotherapy.

In the future work, it is worthwt..'e exploring the application of our platform in an autologous
context, to potentially enhanc> clinical outcomes. As the number of immune cells with
tumor-specific Killing el‘ects needs to be significantly expanded in vitro for clinical cancer
immunotherapy, our ec~.ty tunable platform can facilitate the activation of NK cells and
potentiate NK cells to a greater extent. In addition, previously employed strategies, such as the
transitory activation of NK cells free, solution-bound agonists and cytokines, lead to low ex vivo
expansion efficiency, whereas our platform is suitable for longterm proliferation. In this regard,
the ability to easily separate nanoparticles from the NK cells presents a notable advantage.
Furthermore, it is important to explore combined applications with other immunotherapeutic

approaches such as immune checkpoint blockade and/or monoclonal antibody treatment, to
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potentiate NK cell responses and to improve therapeutic effects against the barrier of
immunosuppressive tumor microenvironments. Overall, tumor-antigen presenting biomimetic
nanoparticles can potentially allow for enhanced NK cell-mediated cancer immunotherapy,

which may yield promising clinical outcomes for cancer patients.
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Figures legends

Figure 1. Schematic depicting the synthesis of cancer cell membrane-coated nanoparticles

(CMNPs) and their functions to stimulate NK cells for elevated tumor-killing responses.

Figure 2. Physicochemical characterization of CMNPs. (A) Transmission electron micrographs
of (i) FesO4 nanoparticles, (ii) FesO,@SiO, nanoparticles and (iii) CMNPs. (B) Hydrodynamic
sizes of Fe304, Fe3s0,@SiO,, CMNPs and cancer cell membrane . -sicles analyzed by DLS. (C)
Surface zeta potential of Fe3O4, Fes0,@SiO,, CMNPs and cancer r.ell membrane vesicles. The

data were presented as mean £+ SD (n = 3).

Figure 3. Characterization of membrane antigens on the surface of CMNPs. (A) Analysis of
protein contents abundant in cancer cell cytosni, ».>=inbranes and cancer cell membrane-coated
CMNPs. All samples were analyzed on STILS-PAGE at the same protein concentration and
subsequently dyed with a Coomassie Rluc R250 solution. (B) Membrane-specific protein marker
EGFR was detected by Western b’ou'ng. (C) Membrane-specific protein MICA/B was analyzed

using flow cytometry.

Figure 4. Function charcteiization of activated NK cells stimulated by CMNPs. (A-C) The
contents of IFN-y, grar=yme B and perforin by NK cells cocultured with CMNP at different
membrane protein concentrations (*p<0.05, **p<0.01). (D) Flow cytometry analyses of the
expression of surface activating receptors and markers on the non-stimulated NK cells and
CMNPs-stimulated NK cells. Representative dot plots showed the activating receptor expression

of NKG2D, NKp30, NKp44, NKp46, and CD69, respectively.
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Figure 5. In vitro anti-tumor activity of CMNP-stimulated NK cells. Calcein-AM staining
showed the survival of (A-B) HepG2 cells and (C-D) A375 cells incubated with
CMNP-stimulated NK cells with E:T cell ratio of 5:1 of at 6 h or 12 h. Scale bar = 20 um. Error

bars indicate the mean = SD (n = 3) (*p<0.05, ***p<0.001).

Figure 6. Killing effects of CMNP-stimulated NK cells on HepG2 and A375. Lactate
dehydrogenase (LDH) release of (A) HepG2 cells and (B) A375 c~lls incubated with CMNPs
stimulated NK cells at varying E:T cell ratios for 6 h or 12 h, res2zctively. The supernatant was
collected, and the level of LDH was measured using a cy*otoxicity LDH assay kit. Error bars

indicate the mean + SD (n = 3) (**p<0.01, ***p<0.001).
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Graphical Abstract

Novel tumor cell-derived membrane coated Fe;O,@SiO, magnetic nanoparticles, containing
tumor-specific antigens, serves an antigen presenting platform to activate NK cells by enhancing
the expression level of surface activating receptors as well as markers (i.e., NKG2D, NKp30,
NKp44, NKp46, and CD69), and increasing the secretion of cytotoxic factors including
granzyme B, perforin and Active Ingredient-y (IFN-y) for enhanced NK cells-based

immunotherapy.
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