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Abstract

Natural killer (NK) cells are a part of the innate immune system and represent the first line of defense against infections and
tumors. NK cells can eliminate tumor cells without major histocompatibility restriction and are independent of the expres-
sion of tumor-associated antigens. Therefore, they are considered an emerging tool for cancer immunotherapy. However, the
general toxicity and biodistribution of NK cells after transplantation remain to be understood. This study was conducted to
evaluate the general toxicity and biodistribution of human NK cells after single or repeated intravenous dosing in severely
combined immunodeficient (SCID) mice. There were no test item-related toxicological changes in single and repeated admin-
istration groups. The no observed adverse effect level of human NK cells was 2 x 10 cells/head for both male and female
SCID mice. Results from the biodistribution study showed that human NK cells were mainly distributed in the lungs, and a
small number of the cells were detected in the liver, heart, spleen, and kidney of SCID mice, in both the single and repeated
dose groups. Additionally, human NK cells were completely eliminated from all organs of the mice in the single dose group
on day 7, while the cells persisted in mice in the repeated dose group until day 64. In conclusion, transplantation of human
NK cells in SCID mice had no toxic effects. The cells were mainly distributed in the lungs and completely disappeared from
the body over time after single or repeated intravenous administration.
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Introduction role in suppressing tumor metastasis and outgrowth using

a variety of effector mechanisms, including the perforin/

Natural killer (NK) cells are part of the innate immune sys-
tem, as a subset of peripheral blood lymphocytes that repre-
sents the first line of defense against infections and tumors
[1]. NK cells lyse tumor cells without prior sensitization and
are independent of major histocompatibility (MHC) restric-
tion, and they secrete several cytokines to initiate adaptive
immune responses against tumors [2]. NK cells are the
most potent cytotoxic lymphocytes and play an important

> Kyoung-Sik Moon
ksmoon @kitox.re.kr

Department of Toxicological Evaluation and Research,
Korea Institute of Toxicology, 141 Gaejeongro, Yuseong gu,
Daejeon, Republic of Korea

2 NKMAX Co., Ltd, SNUH Healthcare Innovation Park,
Seongnam, Gyeonggi-do, Republic of Korea

granzyme-containing granule-mediated pathway, death-
receptor pathway, and interferon-y-mediated pathway [3, 4].
NK cell-based immunotherapies are an attractive approach
because NK cells can eliminate tumor cells in a non-MHC-
restricted manner and are independent of the expression of
tumor-associated antigens [5, 6].

Expansion of NK cells ex vivo is necessary to obtain
sufficient cell numbers for adoptive transfer, as these cells
represent low frequency in peripheral blood and cord blood
cells and have limited lifespans [7-9]. However, NK cells
therapies processed ex-vivo may result in unexpected risks
because the expansion and preservation process could be
affected by cytokines and interleukins. In addition, several
recent studies have reported that NK cells boost anti-tumor
function, support in vivo persistence and homeostatic prolif-
eration, and promote homing to the tumor microenvironment
[10-12].
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Given the increasing challenges related to NK cell immu-
notherapy against tumors, information on the safety assess-
ment of NK cells after transplantation needs to be under-
stood for subsequent studies in humans. To date, there are
few literatures documenting the toxicity and biodistribution
profile of human NK cells in preclinical studies. This study
was conducted to evaluate the general toxicity and biodis-
tribution of human NK cells, which were produced under
good manufacturing practice (GMP) conditions, after single
or repeated intravenous dosing in severely combined immu-
nodeficient (SCID) mice.

Materials and methods
Isolation and characterization of human NK cells
NK cell enrichment and expansion

All manufacturing and product testing procedures for
the generation of human NK cells were performed under
GMP conditions (NKMAX Co., Ltd, Seongnam, Korea).
Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy donors by leukapheresis, and NK cells were
expanded as described previously [13], with some modi-
fications. Briefly, CD56% cells were isolated from PBMCs
using CliniMACS CD56 microbeads (Miltenyi Biotech
GmbH, Galdbach, Germany) according to the manufactur-
er’s instructions. Isolated CD56" cells were then cultured in
RPMI-1640 medium (WELGENE Inc., Gyeongsan, Korea)
supplemented with 10% fetal bovine serum (FBS; Hyclone,
Tauranga, New Zealand), 20 pg/mL gentamicin (GIBCO,
Grand Island, NY), g-irradiated (100 Gy) KL-1 and LCL
feeders, 500 IU/mL IL-2 (PROLEUKIN®; Norvatis, Basel,
Switzerland), and 50 ng/mL IL-21 (NKMAX Co., Ltd.,
Seongnam, Korea). Growing NK cells were sub-cultured
every 3—4 days with fresh RPMI-1640 medium containing
IL-2. After 17-18 days of culture, cells were harvested and
washed.

Immunostaining and flow cytometric analysis

The following monoclonal antibodies were used to stain NK
cells: anti-CD56-FITC, anti-CD3-PE, anti-CD20-PerCP-
Cy5.5, and anti-CD14-APC (BD Biosciences). NK cells
were stained with the antibodies for 30 min at 4 °C. Sample
data were acquired on a FACS flow cytometer (BD FACS-
Diva™) and analyzed using BD FACSuite v1.2 software.

Cytotoxicity assay

The cytotoxicity of NK cells against K562 cells was
assessed using a fluorometric cytotoxicity assay. K562
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cells were stained with 4 mM calcein-AM solution (Sigma)
for 30 min at 37 °C. NK cells and target cells were mixed
at an E:T ratio of 10:1 and cocultured in 96-well U-bottom
plates. After 4 h of incubation, 80 uL of the supernatant
was transferred to a new 96-well flat-bottom plate. Fluo-
rescence signals were determined using a SpectraMax
M2 microplate reader (Molecular Devices, San Jose, CA,
USA) and excited at 485 nm, and emission was detected at
525 nm. The percent specific lysis was calculated using the
following formula: [(test release — spontaneous release)/
(maximum release — spontaneous release)] x 100.

Experimental designs
Experimental animals and husbandry

Male and female SCID mice (5-6 weeks old) were pur-
chased from Charles River Laboratories Japan (Kanagawa,
Japan). Animals were selected for use in the study on the
basis of adequate body weight and freedom from clini-
cal signs of disease or injuries. The mice were inoculated
with human NK cells at approximately 6-7 weeks after the
acclimation period. The animals were assigned to treat-
ment groups in a stratified manner, using the Pristima
System (Version7.2, or 7.3 Xybion Medical System Co.,
USA), based on the most recent body weight. The animal
room environment was automatically controlled (target
range: temperature 23 +3 °C, relative humidity 30-70%,
approximately 12 h light cycle with 150-300 1x, and
ventilation 10-20 times/h). A standard mouse pellet diet
was provided ad libitum. Microbial monitoring for diet
was performed, and a certificate of analysis for the diet
was provided by the source. The animals had ad libitum
access to filtered, ultraviolet light-irradiated municipal tap
water at all times. All animal experiments were conducted
under good laboratory practice conditions and reviewed
and assessed by the Institutional Animal Care and Use
Committee of the Korea Institute of Toxicology (Table 1).

Single dose toxicity study

Both male and female mice were randomly assigned to
the following four groups, consisting of five animals/
group: vehicle control (VC), low-dose (5 X 10° cells/head),
medium dose (1 x 107 cells/head), and high-dose (2 x 107
cells/head) groups. Mice in the VC group were inoculated
with Hartmann solution, containing IL-2. Mice were inoc-
ulated intravenously once via the tail vein, and mortality,
clinical signs, body weight, and macroscopic observations
were evaluated for 2 weeks following a single intravenous
injection.
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with the following primers: sense-GTCAGGAGATCGAGA
CCATCCC, and anti-sense-TCCTGCCTCAGCCTCCCA
AG [14]. gPCR was performed using the QuantStudio 5
Real-Time PCR System and ViiA7 Real-Time PCR System
(Thermo Fisher Scientific, MA, USA), using the following
conditions: 95 °C for 2 min followed by 35 cycles of 95 °C
for 15 s, 68 °C for 30 s, and 72 °C for 30 s. A melt curve was
obtained after each gPCR to ensure the precise amplification
of the amplicons. This consisted of 20 s at 72 °C, followed
by a stepwise increase of 1 °C with a 5-s hold at each step.

Animal observation
Mortality and clinical signs

Mortality and moribundity were observed twice a day, and
clinical signs, including general appearance and behavioral
changes, were recorded.

Body weight and food consumption

Body weight of the mice was measured at receipt, group-
ing, and approximately once a week during the treatment
period. The amount of food in each cage was measured. The
quantity of food consumed by every animal in each cage, 2
days during the whole week (5-7 days), was measured and
presented as g/animal/day.

Ophthalmological examinations

Ophthalmological examinations were performed on all ani-
mals in the repeated toxicity studies, using binocular indi-
rect ophthalmoscopy (Vantage Plus Digital, Keeler Ltd.,
England), after the animals were treated with mydriatics
(Mydrin-P, Santen Pharmaceutical Co., Japan).

Laboratory investigations
Hematology

Animals were fasted overnight prior to necropsy and sac-
rificed after blood collection, under isoflurane anesthesia,
and EDTA-2 K was used as an anticoagulant. The follow-
ing parameters were analyzed: white blood cell count, red
blood cell count, hemoglobin concentration, hematocrit,
mean corpuscular volume, mean corpuscular hemoglobin,
mean corpuscular hemoglobin concentration, platelets, neu-
trophils, lymphocytes, monocytes, eosinophils, basophils,
large unstained cells, and reticulocytes. This was done using
a hematological autoanalyzer (ADVIA2120i Hematology
analyzer, Bayer, USA).
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Serum biochemistry

Serum was isolated and used to determine the levels of
glucose, alanine aminotransferase, blood urea nitrogen,
aspartate aminotransferase, creatinine, total bilirubin, total
protein, alkaline phosphatase, albumin, gamma glutamyl
transpeptidase, albumin/globulin ratio, creatine phosphoki-
nase, total cholesterol, calcium, triglyceride, and inorganic
phosphorus; this was done using a clinical chemistry auto-
analyzer (200FR NEO, Toshiba Co., Japan).

Urinalysis

Urine samples were collected at approximately 3—4 h within
1 week prior to necropsy. The following parameters were
measured during urinalysis: color, clarity, glucose, pH,
erythrocyte, specific gravity, ketone, bilirubin, leukocytes,
protein, nitrite, and urobilinogen. All parameters except for
urine color were analyzed using Combur 10 TM urine sticks
(Roche, Germany) and a Cobas U411 urine analyzer (Roche,
Germany).

Necropsy

Animals were sacrificed via exsanguination of the aorta and
posterior vena cava under isoflurane anesthesia. Complete
necropsy examinations were performed on all animals that
were found dead or were terminally sacrificed under the
direct supervision of a veterinary pathologist. After blood
sampling, the animals were subjected to necropsy and care-
fully examined for external abnormalities (Table 2).

Organ weights

The weights of the brain, pituitary gland, liver (with gall
bladder), spleen, heart, salivary glands (submandibular and
sublingual), seminal vesicles (with coagulation glands),
prostate, kidneys, adrenal glands, testes, epididymides,
lungs, thyroids (with parathyroids), thymus, uterus (with
cervix), and ovaries were measured for all animals at termi-
nal and recovery sacrifice, and organ/brain and body weight
ratios (using the terminal body weight obtained prior to
necropsy) were calculated. Bilateral organs were measured
together.

Histopathology

Tissue samples from adrenal glands, aorta (thoracic),
brain, cecum, colon, duodenum, esophagus, femur with
marrow (F-T joint), heart, ileum, jejunum, kidneys, liver
(with gallbladder), lung (with bronchi), mammary gland
(female only), mandibular lymph node, mesenteric lymph
node, ovaries, pancreas, pituitary gland, prostate, rectum,
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Table 3 Microscopic observation results of male and female mice after administration of human NK cells

Dose (cells/head) Male SCID mice Female SCID mice
VC 5x10°% 2x107 VC@®R) 2x107(R) VC 5x10° 2x107 VC®R) 2x107(R)
Number examined 10 10 9 6 6 10 9 10 6 6
Tissue with diagnoses
Heart
Infiltration, mononuclear cell 0 0 1 2 2 1 0
Mineralization 1 3 2 1 4 2 2 0 1
Injection site(s)
Fibroplasia 1 0 1 1 0 0 2 1 0 0
Hemorrhage 0 1 0 0 0 0 1 1 0 0
Infiltration, mixed cell 2 1 4 0 0 2 0 5 0 0
Infiltration, mononuclear cell 6 5 4 2 1 6 6 4 1 1
Necrosis, fibrinoid 2 4 1 0 0 0 0 2 0 0
Ulcerative dermatitis 1 0 0 0 0 0 0 1 0 0
Hemolymph node
Lymphoma 0 0 0 0 0 1 0 1 0 0
R recovery period, SCID severely combined immunodeficient, VC vehicle control
Fig.1 Characterization of —
GMP-expanded NK cells. 100 120 -
The percent of CD56%, CD37, °
CD20%, CD14 * cells were < -
analyzed using flow cytometry. 80 100 1
Cytotoxicity of NK cells against
K562 cells was evaluated. The i 30 - |
effector:target ratio was 10:1 2 60 2
9 2
“; ‘g 60 -
N 40 =
s 40
20
. 20
0 —— o £
CDS6 CD3 CD20 CD14 0

leukemia cell line (E:T ratio=10:1). In cytotoxicity assays
against the K562 cell line, expanded NK cells showed
increased cytolytic activity compared with freshly isolated
NK cells (data not shown).

Criteria for the release of human NK cells (SuperNK®,
NKMAX Co., Ltd.) for animal use included the absence of
microbial contamination (bacteria, fungus, virus, and myco-
plasma), viability greater than 80% when assessed using a
trypan blue exclusion assay, cytotoxicity greater than 50%
against K562 target cells at the effector to target cell ratio
of 10:1, endotoxin level equal to or less than 0.5 EU/mL,
and immune phenotyping via flow cytometric analysis, prov-
ing expression of NK cell marker (CD567/CD3") (80% or
more) and absence of CD14, CD34, and CD45 (5% or less)
(Fig. 1).
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Single dose toxicity

No treatment-related mortality or changes in clinical signs,
body weight, or macroscopic findings were observed
(Fig. 2A). Therefore, the approximate lethal dose of human
NK cells was considered to be more than 2 x 107 cells/head.

Eight-week repeated dose toxicity study

There were no treatment-related toxicities, with respect to
changes in clinical signs, body weight, food consumption,
ophthalmology, clinical chemistry, urinalysis, macroscopic
findings, and microscopic findings in the preliminary two
weeks repeated dose toxicity study (unpublished data).
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Fig.2 Body weight changes after single (a) and 24 times repeated (b) administration of NKMAX Cell Therapy Product

One female mouse in the VC group died during the recov-
ery period on day 24 due to incidental lymphoma. One male
in the high-dose group at day 8 and one female in the high-
dose group at day 6 died, and no significant change was
observed during microscopic examination. Therefore, these
deaths were not considered to be related to human NK cells,
although the cause of death was not determined.

Loss of tail and/or skin coloration in the lower tail region
were found in some animals. These findings were considered
to be accidental changes due to the administration method,
as they were observed in a dose-dependent manner in certain
animals, including those in the VC group.

Statistically significant increase in weight was observed
in female animals in the low-dose and high-dose groups
(maximum 1.59 times and 1.27 times, respectively), when
compared with that in the VC group. However, there were no
body weight changes or human NK cell-related toxicological
observations and findings (Fig. 2B). Therefore, it was not
considered to be toxicologically significant. A statistically
significant decrease in food consumption was observed in
male animals in the low-dose and high-dose groups during
the treatment period (maximum 83% and 87%, respectively,
compared with that in the VC group). However, the weight
was recovered during the recovery period. Statistically
significant increase in food consumption was sporadically
observed in female animals in the low-dose and high-dose
groups during the treatment and recovery periods (maximum
1.15- and 1.18 times, respectively, compared with that in the
VC group). There was no dose-dependent consistency within

sex and body weight changes; therefore, it was considered to
be not toxicologically significant.

Absolute monocyte was decreased in females in the
high-dose group (55% of control), but it recovered after a
4-week recovery period. This change was not considered
to be related to human NK cells but was incidental, as this
change did not exhibit any microscopic correlation and was
not observed in males. Other statistically significant changes
in the recovery groups were not considered human NK cell-
related, as these were not observed in the main groups. A
decrease in total cholesterol level was observed in males in
the low-dose and high-dose groups (89% of control) and
a decrease in albumin levels was observed in males in the
high-dose group (93% of the control group). In addition,
the level of gamma glutamyl transpeptidase was increased
in females in the high-dose group (2.71 times over control).
These changes were not considered human NK cell-related
but were considered incidental because these changes did
not show consistency between males and females, and
there were no microscopic correlations. Other statistically
significant changes in the recovery groups were not con-
sidered human NK cell-related, as these were not observed
in the main groups. An increase in relative kidney weight
was observed in the main group of females in the high-dose
group (approximately 1.07 times the body weight and 1.09
times the brain weight, at necropsy) when compared to that
in the VC group. However, this change was not considered
human NK cell-related, but it was considered incidental, as
there were no microscopic correlations. Other changes in
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Fig. 3 Histopathological changes of injection site (a, b), kidney (c, d) and liver (e, f) after 24 times repeated administration of NKMAX Cell
Therapy Product. Panel a, ¢, e VC group; panel b, d, f 5x 10° cells/head group. Scale bar 200 pm

relative organ weight in the recovery group were not con-
sidered to be human NK cell-related but were considered
incidental.

Necropsy revealed ulceration at the injection site (tail),
observed in one male in the VC group and one female in the
low-and high-dose groups. These findings were consistent
with microscopic ulcerative dermatitis, which was consid-
ered to be induced by the process of injection into the tail
vein. Microscopic observation revealed mononuclear cell
infiltration in the perivascular area, mixed cell infiltration
accompanied by neutrophil infiltration and mononuclear cell
infiltration, and fibrinoid necrosis in both VC and treatment
groups, at the injection site (Fig. 3). In addition, ulcerative
dermatitis was observed in both VC and treatment groups.
These changes were not considered human NK cell-related
but local damage caused by the dosing procedure. In the

@ Springer

heart, mineralization in the epicardium was observed in both
the VC and treatment groups. This can be considered a spon-
taneous change that often occurs in SCID mice [15]. Lym-
phomas were also observed in some animals in the treatment
group. However, this change was not considered human NK
cell-related, as one dead animal in the VC group also showed
lymphoma, which often occurs in SCID mice [16]. Other
microscopic findings were considered incidental or spon-
taneous, given their low incidence and severity. There were
no test item-related changes in ophthalmology or urinalysis.

Therefore, human NK cell-related findings were not
observed in any of the test parameters. The no observed
adverse effect level (NOAEL) of human NK cells was con-
sidered to be 2x 107 cells/head for both male and female
SCID mice.
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Method validation for qPCR

Samples for the calibration curve were prepared with DNA
extracted from the NKMAX Cell Therapy Product as the
reference standard DNA. The calibration curve consisted of
seven concentrations (0.005, 0.01, 0.05, 0.1, 1, 10, and 50
ng), and linearity was assessed using three repeated runs.
The correlation coefficient (R?) of the calibration curve was
0.9973.

Specificity was conducted to confirm whether the refer-
ence standard DNA was specifically reacted compared to the
DNA extracted from tissues (brain and spleen) other than the
blank matrix. The amount of DNA used in each well was
approximately 100 ng. As a result of the analyses in refer-
ence standard, no template control (NTC, mixture control
without spiked reference DNA), and blank (BLK), the Ct
value of DNA extracted from brain and spleen was higher
than lower limit of quantitation (LLOQ) in NTC and BLK.
Accuracy and precision were evaluated by analyzing quality
control (QC) samples spiked with genomic DNA from SCID
mice. QC samples were prepared with LLOQ (0.005 ng),
low QC (0.015 ng), middle QC (0.5 ng), and high QC (40
ng). Accuracy and precision were determined as % relative
error (%RE) and % relative standard deviation (%RSD) of
each QC concentration level, respectively. Results from the
analysis showed that both %RE and %RSD were within 20%
(except 25% at LLOQ).

Quantification per tissue was conducted to determine if
genomic DNA extracted from certain tissues had an effect
on the linearity range by quantifying the calibration curve
with reference standard DNA spiked with genomic DNA
extracted from the brain and spleen of SCID mice. The coef-
ficients of correlation (R?) of the calibration curves for the
brain and spleen were 0.997 and 0.998, respectively.

Overall, these findings confirmed that this method was
accurate, precise, and reproducible to quantify the human
Alu gene in the tissue of SCID mice.

Biodistribution

Results from the qPCR analysis showed that NKMAX Cell
Therapy Product was mainly distributed in the lungs, and
a small amount of NKMAX Cell Therapy Product was
detected in the liver, heart, spleen, and kidney after single
administration. After repeated administration, NKMAX Cell
Therapy Product was observed in the lung, while a small
amount was detected in liver, heart, spleen, kidney, adrenal
glands (Fig. 4). NKMAX cell therapy product was com-
pletely eliminated in all organs of single-dosed animals on
day 7, after dosing. Complete elimination was confirmed on
day 64 (28 days after the last dose) and day 43 (7 days after
the last dosing) in repeated dosed male and female animals,
respectively.

Therefore, NKMAX cell therapy product was mainly dis-
tributed in the lung and completely eliminated 7 days after
single administration (day 8) in both sex animals and on
28 day after the last dose (day 64) in males and 7 days after
the last dosing (day 43) in females after six administrations.

Discussion

Considering that the population of NK cells in PBMCs is in
the range of 5-20%, GMP-based manufacturing, focused on
expansion and purity of NK cells, is an important factor for
the intended therapeutic application. Several strategies have
been attempted to isolate and expand primary NK cells from
PBMC:s, but only a few strategies have been succeeded that
follow the strict requirements of GMP [17-19]. Although
it has been reported that NK cells are non-toxic and safe
as therapeutic cell products, and non-hematological toxic-
ity may be reduced by pretreatment with chemotherapy and
radiation, cytokine-related toxicity may occur because of
the concomitant administration of cytokines and related
conjugates [20]. Although cytokines are essential for the
expansion of NK cells, severe adverse effects, such as organ
dysfunction, have been reported [21]. Furthermore, there
are safety concerns when using feeder cells because they
may contaminate the final therapeutic cell product, and this
is also why the purity of NK cells is important from the per-
spective of safety [22]. In addition, the possibility of damage
to the immune-privileged site was raised by the low expres-
sion of MHC-I in NK cell-enhanced immunotherapy [23].

In the present study, we evaluated the general toxicity
and biodistribution of human NK cells treated with IL-2 and
KL-1 (human erythroblastoid cell line) as feeder cells. NK
cells produced in the GMP facility showed a high and suf-
ficient purity of 98.9% and functional capabilities (Fig. 1). In
the toxicity study, there were no test item-related toxicologi-
cal changes after either single or repeated administration,
and the NOAEL of human NK cells was considered to be
2x 107 cells/head or higher for both male and female SCID
mice.

In a method validation study using qPCR, 0.005 ng of
LLOQ showed sensitivity to detect up to one human cell.
Using this method, biodistribution kinetics showed that
administered NK cells initially accumulated in the lungs
due to their cell size and receptor-mediated adhesion, and at
later time points, they disseminated to other organs (includ-
ing heart, lung, liver, spleen, brain, mesenteric lymph node,
and adrenal gland) and completely disappeared by day 13
[24-26]. This finding suggested that the tumorigenicity
potential of NK cells is low.

In conclusion, human NK cell transplantation to SCID
mice showed no toxicity and were mainly distributed in
the lung and completely disappeared from the body over
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Fig.4 Biodistribution result after single (a) and repeated (six times) (b) administration of NKMAX Cell Therapy Product. NKMAX Cell Ther-
apy Product was mainly distributed in the lungs, and a small number of the cells were detected in the liver, heart, spleen, and kidney

time after single or repeated intravenous administration.
The preclinical efficacy and toxicity of human NK cells in
various tumor or humanized models need to be determined
in future studies.
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