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NATURAL KILLER CELL-DERIVED EXOSOME
MIMETICS AS NATURAL NANOCARRIERS

FOR IN VITRO DELIVERY OF CHEMOTHERAPEUTICS
TO THYROID CANCER CELLS

Background. Exosomes have become a potential field of nanotechnology for the treatment and identification of many
disorders. However, the generation of exosomes is a difficult, time-consuming, and low-yielding procedure. At the same
time, exosome mimetics (EM) resemble exosomes in their characteristics but have higher production yields. The aim
of this study was to produce natural killer (NK) cell-derived EM (NKEM) loaded with sorafenib and test their killing
ability against thyroid cancer cell lines. Materials and Methods. Sorafenib was loaded into NKEM by mixing sorafenib
with NK cells during NKEM production (NKEM-S). Then, these two types of nanoparticles were characterized with
nanoparticle tracking analysis (NTA) to measure their sizes. In addition, the cellular uptake and in vitro killing effect
of NKEM-S on thyroid cancer cell lines were investigated using confocal laser microscopy and bioluminescence imag-
ing (BLI) techniques. Results. The uptake of NKEM and NKEM-S by the thyroid cancer cells was observed. More-
over, BLI confirmed the killing and anti-proliferation effect of NKEM-S on two thyroid cancer cell lines. Especially
important, the NKEM-S demonstrated a desirable killing effect even for anaplastic thyroid cancer (ATC) cells. Conclu-
sion. Sorafenib-loaded NKEM showed the ability to kill thyroid cancer cells in vitro, even against ATC. This provides
a new opportunity for drug delivery systems and thyroid cancer treatment.

Keywords: thyroid cancer, exosome mimetics, natural killer cells, immunotherapy, drug delivery system.

Thyroid cancer has attracted more and more atten- | plied over the past few decades, including the de-
tion due to its rapid increase in incidence, and nu- | velopment of molecularly targeted drugs and
merous improvements in treatment have been ap- | advancements [1, 2]. In general, thyroid cancers
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can be categorized based on the cells and divided
into differentiated thyroid cancer (DTC) including
papillary thyroid carcinoma (PTC) and follicular
thyroid carcinoma (FTC), anaplastic thyroid cancer
(ATC), and medullary thyroid cancer (MTC) [3].
Fortunately, more than 90% of thyroid cancer cases
belong to the DTC, which has an excellent progno-
sis. In contrast, as one of the most fatal malignan-
cies, ATC has worse prognosis (overall 1-year sur-
vival rate of about 20% and mean survival of less
than 6 months) [4]. Although various therapeutic
strategies, including surgery [4, 5], chemotherapy
[2, 6], radiotherapy [7, 8], and thyroid stimulating
hormone (TSH) inhibition therapy [9], have been
used, none of them has been successful in improv-
ing the survival of ATC patients [10]. Sorafenib is
known to kill tumors by inhibiting the proliferation
and angiogenesis of tumor cells [11, 12] and was
approved by the FDA for the treatment of hepato-
cellular carcinoma, advanced renal cell carcinoma,
and DTCs [13, 14]. Although sorafenib is widely
used for treating DTCs, however, it is not used for
treating ATC. The development of an effective
sorafenib delivery system to tumor cells may pro-
vide an opportunity for the treatment of ATC.

It is particularly motivating to load agents into
the drug delivery system (DDS) to improve thera-
peutic effectiveness by increasing their accumula-
tion in the tumor and minimizing off-target effects
[15—23]. However, the presence of biological bar-
riers reduces the interaction of nanoparticles with
their targets, which reduces their biological utility
and clinical translation [24, 25]. In addition, the
cycle time of DDS is constrained due to the quick
clearance by monocytes/macrophages or the retic-
uloendothelial system (RES) [26—28]. In compari-
son with artificial nanocarriers, exosomes or small
extracellular vesicles revealed less clearance by the
immune system, owing to their inherent existence
in the body [29]. For instance, it has been demon-
strated that exosomes from CD47-overexpressing
human foreskin fibroblasts reduce phagocytosis-
mediated clearance by monocytes and macro-
phages and increase the absorption by cancer cells
[30]. Numerous oncological and non-oncological
diseases have been diagnosed and treated using
exosome technology [15, 29, 31—36]. In addition,
the biological activities mediated by exosomes,
such as immunomodulation, induction of apopto-
sis, and enhancement of proliferation, are largely
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under the control of these proteins and cargoes [15,
29]. However, the low production rate of exosomes
may demand the consumption of huge amount of
medium for their large-scale production [37—41].

Exosome mimetics (EM), which function bio-
logically similarly to exosomes while having higher
yields, are emerging as a new generation of bioin-
spired-nanoscale DDS [42]. Previous research has
used cell extrusion to create mesenchymal stem
cell-derived EM, and these nanoparticles still have
the exosome-like ability to deliver chemotherapeu-
tic drugs in high yields [42—45]. Notably, EM have
several advantages over currently used synthetic
systems. First of all, the bio-originated membrane
of EM occurs to accelerate the internalization of the
drug [15, 29, 42]. Secondly, the nanoscale EM size
makes it easier to diffuse into the tumor tissue and
extravasate into the blood vessels [16, 31, 43].
Thirdly, EM share biological and morphological
similarities with exosomes. In our previous study,
we generated NK-92MI cell-derived exosomes and
demonstrated the therapeutic applicability of such
nanoparticles for the treatment of melanoma cells
[46]. In view of the above characteristics, EM in-
stead of exosomes from NK cells may present an
opportunity for the development of safer and more
effective DDS. In the current study, we aimed to
develop a method for loading sorafenib into NKEM
and test the killing effect of the sorafenib-loaded
NKEM (NKEM-S) against thyroid cancer cell lines
in vitro.

Materials and Methods

Cell lines. Human PTC cell line K1, purchased
from Sigma-Aldrich, USA, was maintained in
DMEM high-glucose medium (HyClone, USA)
supplemented with 10% fetal bovine serum (FBS;
Gibco, USA) and 1% penicillin/streptomycin 100X
solution (HyClone). Human ATC cell line BHT101,
purchased from Deutsche Sammlung von Mikro-
organismen und Zellkulturen (DSMZ, Germany),
was maintained in DMEM high-glucose medium
supplemented with 20% fetal bovine serum and 1%
penicillin/streptomycin 100X solution. Human NK
cell line NK-92MI, purchased from the American
Type Culture Collection, USA, was cultured in
CellGenix GMP SCGM medium (CellGenix, Ger-
many) supplemented with 2% human serum (Sig-
ma-Aldrich) and 1% penicillin/streptomycin 100X
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Fig. 1. Flowchart of experimental steps. Experimental steps included cell culture of natural killer cells, centrifugation,
production of exosome mimics, loading of sorafenib, and cytotoxic effects on thyroid cancer cell lines

solution. The cancer cell lines were cultured and
transfected with an enhanced firefly luciferase (ef-
fluc) gene. Established stable expression of the ef-
fluc gene was confirmed via the addition of the sub-
strate D-luciferin and using the IVIS Lumina III
imaging system (Perkin-Elmer, USA); the cells were
referred to as K1/F and BHT101/F cells.

Generation and characterization of sorafenib-
loaded NKEM. NKEM/NKEM-S were prepared by
adjusting the protocol in previous studies [41, 47,
48], NK-92MI cells were suspended in a medium
supplemented with sorafenib (50 ng/mL) and ex-
truded using a mini-extruder (Avanti Polar Lipid,
USA). In detail, NKEM/NKEM-S were produced
by squeezing out live NK-92MI cells through 5 pm
and 2 um membranes (Nuclepore, Whatman, Inc.,
USA) without or with sorafenib. Then, the NKEM/
NKEM-S were filtered through 0.22 pm filters,
purified by ultracentrifugation at 100,000 x g
for 1 h at 4 °C (Beckman Coulter, Brea, CA, USA),
and then washed with PBS to obtain NKEM and
NKEM-S. The morphologies of NKEM and
NKEM-S were evaluated with a nanoparticle track-
ing analysis (NTA) (NanoSight LM10 instrument,
Malvern Panalytical, UK).

Cellular uptake assay. NKEM and NKEM-S
were labelled with Dil (Thermo Fisher Scientific,
Waltham, MA, USA), a fluorescent lipophilic dye,
and incubated with ATC cell line (BHT101/F cells)
for 3 h. The cancer cells without NKEM were re-
ferred to as the blank. After incubation, the samples
were washed, fixed, treated with Hoechst dye
(Thermo Fisher Scientific), and covered with Vecta-
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shield mounting medium (Vector Laboratories,
USA). The samples were examined using a confocal
laser microscope (Zeiss, LSM, Germany).

In vitro cytotoxicity of NKEM-S. The toxicity
of NKEM-S to the DTC cell line (K1/F) and ATC
cell line (BHT101/F) was evaluated with bio-
luminescence imaging (BLI) at various con-
centrations at 24 and 48 h in a dose-dependent
manner by using the IVIS Lumina III imaging
system. The flows of the experiment are summa-
rized in Fig. 1.

Statistical analysis. All data were expressed
as the mean + standard deviation (SD), and statisti-
cal significance was determined using GraphPad
Prism 5 (GraphPad Software Inc., USA). A value of
p < 0.05 was considered statistically significant.

Results

Characterization of NKEM-S. Fig. 2, a outlines the
detailed schematic of the NKEM-S production pro-
cess. NKEM-S had a small size distribution, with
an average particle diameter of 201.9 nm, as re-
vealed by NTA. Drug loading resulted in no sig-
nificant change in the size of the nanoparticles
(NKEM-S) (Fig. 2, b).

Cellular uptake. The drug loaded into NKEM
should be delivered into the target cells to achieve
therapeutic effects; therefore, the interaction be-
tween cancer cells and nanoparticles was assessed.
NKEM-S were labelled with Dil and incubated
with BHT101/F cells. As shown in Fig. 3, NKEM
and NKEM-S were taken up by ATC cells.
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In vitro antiproliferative and killing effects of
NKEM-S against the thyroid cancer cells. The kill-
ing effects of NKEM-S against K1/F and BHT101/F
cells were evaluated by BLI (Fig. 4). The cancer cells
were cultured with NKEM-S of various concentra-
tions and subjected to BLI for 24 and 48 h. Analysis
of the reporter gene signal in K1/F and BHT101/F
cells (Fig. 4, a, b) indicated a dose- and time-de-
pendent cytotoxicity of NKEM-S. The quantitative
analysis of the data showed that NKEM-S exhibited
significant cytotoxicity to both thyroid cancer cell
lines. Even the ATC cell line (BHT101/F) was less
sensitive to NKEM-S as compared with the PTC
cell line (K1/F) (Fig. 4, ¢, d).

Discussion

Extracellular vesicles have been exploited by DDS
for many years [38, 47, 49—51]. For instance, exo-
somes derived from milk were used for treating
cancer in combination with paclitaxel and doxoru-
bicin [41, 52—55], and curcumin-encapsulated
exosomes derived from milk were shown to be re-
sistant to intestinal digestion and exhibited en-
hanced intestinal permeability [54]. In addition to
the chemical agents, exosome-mediated delivery of
siRNA, miRNA, and shRNA has been reported [20,
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53, 56, 57]. In comparison with artificial nanopar-
ticles such as liposomes, exosomes offer advantages
in terms of better functions and longer circulation
time, which may be due to their natural origin [22,
25, 42, 58]. However, for the use of exosomes as
a DDS, it is important to address several limitations
in exosome preparation procedures such as low
production yield, expensive and difficult purifica-
tion process, differences in characters and func-
tions of exosomes produced by different protocols
[28]. According to previous studies, exosomes ge-
nerated from NK-92MI cells display an anti-tumor
ability, suggestive of their application for the
delivery of chemotherapeutics to tumor therapy
[17—19, 21, 23]. For example, Han et al. investiga-
ted NK-derived exosome-embedded paclitaxel
(PTX-NK-exos), and the drug-loaded exosomes ef-
fectively inhibited the proliferation and induced
apoptosis in breast cancer cells [21].

EM have been recently developed to overcome
the limitations of exosomes [59, 60]. For example,
the large-scale production of EM was feasible
through the direct extrusion of cells via microfil-
ters; and the characteristics and bio-functions of
EM were similar to those of exosomes [40, 41, 61].
Gho et al. [41] produced doxorubicin-loaded EM
by the breakdown of macrophages and confirmed
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Fig. 3. Accumulation of NKEM/NKEM-S in BHT101/F cells

their antitumor effects following systemic injection.
Furthermore, EM from pancreatic p-cells have
been developed and applied for the treatment of
diabetes [62]. Not only cells but also gram-negative
bacteria have been used for generating EM, which
exhibited antibacterial and antitumor responses
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[37, 38] at both in vitro and in vivo studies. The re-
sults of a recent study are similar to our results in
that the combination of exosomes and sorafenib
improved the targeting ability of the drug, reduced
toxic effects on normal cells, allowed for sustained
drug release, and indicated the antitumor impact
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Fig. 4. In vitro antiproliferative ability of NKEM-S to K1/F and BHT101/F cells assessed by BLI. The killing effect
of NKEM-S on K1/F cells was shown in (g, ¢), and BHT101/F cells showed lower sensitivity to NKEM-S compared
to K1/F cells (b, d). Experiments were performed at least in triplicates, and mean * SD was plotted, *** p < 0.001 (by Stu-

dent’s t-test)

on the breast cancer cells [63]. Even the exosomes
from the NK cells have been widely explored, while
the EMs derived from NK cells have not been ap-
plied for the DDS in cancer therapy especially for
thyroid cancer. In the present study, sorafenib,
widely used as a targeted therapeutic agent for va-
rious cancers including thyroid cancers, was loaded
into NKEM and applied to treat DTC and ATC
cells. As shown in Fig. 2, b, both NKEM and
NKEM-S were spherical and had a size of approxi-
mately 100 nm. Although many drug loading
methods such as incubation, saponification, per-
meabilities, and sonication have been reported,
it remains unclear whether these loading strategies

ISSN 1812-9269. Experimental Oncology 46 (4). 2024

disrupt the integrity, stability, function, and loading
efficiency of nanovesicles [39, 41, 64], which is a di-
rection for subsequent research.

DDS used for therapeutic application should be
able to deliver the incorporated therapeutic agents
to the target site and avoid RES identification, es-
pecially macrophages that may consume foreign
bodies by phagocytosis [38, 39, 64]. Several syn-
thetic drug delivery systems, including liposomes,
gold nanoparticles, and polymeric nanoparticles,
have been developed and used in preclinical and
clinical applications [40]. Although these prepara-
tions have shown promising results, cell-produced
DDS can better avoid RES recognition, across en-
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dothelial barriers, and provide better options for
future experimental studies [65, 66]. In the current
study, we developed a sorafenib-loaded NKEM and
demonstrated its efficient delivery into thyroid can-
cer cells as shown in Fig. 3. In addition, the in vitro
killing ability of NKEM-S against two thyroid can-
cer cell lines was also confirmed (Fig. 4), but the
lack of in vivo experiments was the one limitation
of this study. Nevertheless, NKG2D-equipped
nanoparticles had promising applications in tu-
mor-targeting ability in mice models of colon can-
cer [67]. Meanwhile, the expression of NKG2D in
the NK membrane has been confirmed by several
studies [68, 69]. These results show that nanopar-
ticles from NK cells can inherit the cell with mem-
brane components, exhibit good biosafety, and
have a tumor-centric biodistribution in in vivo ex-
periments. Therefore, even though no in vivo ex-
periments were performed on NKEM in this study,
the application of NKEM to the oncology treat-
ment including thyroid cancer, remains promising.
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become therapeutic agents for the treatment of ATC.
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1 Bigminenua megmaHoi panionorii, MeguaHMIT HaKyIbTET,
Hauionanpumnit yHiBepcutet KploHrmooxk, [eiiry, Peciy6mika Kopest
2 THCTUTYT cepIieBO-CyIMHHOI Xipyprii, HarjionanbHmit yHiBepcuTeT
Ksronrnook, [leiiry, Pecniy6mixa Kopes
3 Bippinennsa MegaHoi pagiosnorii, rocritans HanionanpHuMit
yuiBepcurer Kpronrmoox, Jleiiry, Peciy6mika Kopest
4 OcBiTHA mporpama 3 6i0MegIYHIX HayK /It 00fapOBaHOI MOJIOZ, MefUIHMI (DaKY/IbTET,
Hargionanpunit yuisepcnrer Kplonrmook, Heriry, Pecrry6mika Kopest

EK3OCOMOMIMETUMKN 3 KJIITUH — ITPMPOJHUX KIJIEPIB
AK TPUPOJTHI HAHOHOCII 11 TOCTABKY IN VITRO
XIMIOTEPAIIEBTVMYHMX 3ACOBIB IO KJIITVH

PAKY IIUTONOJAIBHOI 3ATTO3U

Cran nuta"Ha. JJocmigKeHHA eK30COM K OfIMH 3 PO3/Ii/liB HAHOTEXHOJIOTiI Ma€ IepClIeKTUBY [/ JIaTHOCTUKY Ta Jli-
KyBaHH# piSHOMaHITHUX 3aXBOpIoBaHb. OIHAK, Oflep>)KaHHA €K30COM € JOCUTH HEIIPOCTHUM, 3aiiMa€e 6araro yacy, i Mae
HEBUCOKUII BuXij KiHIleBoro nponykry. Exsocomomimernku (EM) HaragyioTb eK30COMU 3a CBOIMIU XapaKTepUCTUKA-
MU, aJie iX MOKHa Ofiep>KaTy i3 JOCUTb BUCOKMM BUXOLOM. MeTa foC/IipKeHHs nojArana B ogep>kanHi EM 3 knitue —
npuponuux Kinepis (IIK) — ITKEM, HaBaHTa)XeHUX copadeHiOOM Ta BUBUEHHI IXHBOI IIUTOTOKCUYHOI 3JaTHOCTI I[Of0
KIITHH 7iHilT paky muTononi6Hol 3anosu. Marepiann ta metopu. IIKEM, naBantaxkeHni copadeniobom (IIKEM-C),
ofepxyBamy 3MimyBaHHsaM copadenidy 3 IIK mig gac npogykysanusa I[IKEM. IIKEM ta ITKEM-C xapakTtepusyBanmn
LIJIAXOM aHaji3y TPaeKTOpill pyXy HAaHOYACTMHOK [ BU3HAYEHHA iXHiX po3MipiB. BusHayamm TakoXX MOTNMMHAHHA
IIVIX HAaHOYAaCTVHOK KITMHAMU paKy IUTONORIOHOI 321031 in Vitro Ta IXHIO IMTOTOKCUYHY 3HATHICTD IOMO LVX KJIi-
TVH. BrkopucToByBamu MeToay KOH(OKaIbHOI 1a3epHOI MiKpocKoIIil Ta 6iomoMiHeceHTHOI Bisyaisauii. Pesynbpra-
. Kinitvau paxy myronopi6Hoi 3anosnu normaamy [IKEM ta IIKEM-C. MetogoM 6iomoMineclieHTHOI Bidyarizaril
HiATBepPPKEHO HUTOTOKCHYHMIT Ta anTunporideparusunmit epexru IIKEM-C y BigHOIIEHH] KIITHH ABOX JIHIN paKy
muromnoxi6Hoi sanosu in vitro. o ocobmmso BaxmmBo, [IKEM-C geMOHCTpYyBa/IM UUTOTOKCUYHY Ail0 Ha KIITUHK
AHAIUIACTMYHOTO paKy IuTononi6Hol samosn. BucHoBku. HaBanrtaxeni copadeni6om IIKEM spatHi copuanHsaTy 3a-
rubesnb KITUH paKy IUTONOAI6HOI 3271031, 0COOMMBO aHATIACTUYIHOTO PaKYy, in vitro. lle BifKpuBae HOBI MOX/IMBOCTI
CHCTeM IOCTAaBKM TiKapChKUX 3ac06iB /LA NiKyBaHHA XBOPYX Ha PaK LIMTONORIOHOI 3a/1031.

Kimrouosi cnoBa: pak muronofiOHoi 31031, €K30COMOMIMe TV, IPUPOJHI Kifepy, iMyHOTepallif, CUCTeMU JOCTaBKI
NKapChKIX 3ac00iB.
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