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Abstract

Background The NK-92/5.28.z cell line (also referred to
as HER2.taNK) represents a stable, lentiviral-transduced
clone of ErbB2 (HER?2)-specific, second-generation CAR-
expressing derivative of clinically applicable NK-92 cells.
This study addresses manufacturing-related issues and
aimed to develop a GMP-compliant protocol for the genera-
tion of NK-92/5.28.z therapeutic doses starting from a well-
characterized GMP-compliant master cell bank.

Materials and methods Commercially available GMP-
grade culture media and supplements (fresh frozen plasma,

Electronic supplementary material The online version of this
article (doi:10.1007/s00262-017-2055-2) contains supplementary
material, which is available to authorized users.

< Torsten Tonn
t.tonn@blutspende.de

German Red Cross Blood Donation Service,
Baden-Wiirttemberg-Hessen, Frankfurt am Main, Germany

Institute for Transfusion Medicine and Immunohematology,
Goethe-University, Sandhofstrasse 1,
60528 Frankfurt am Main, Germany

Institute for Transfusion Medicine, German Red Cross Blood
Donation Service North-East, Blasewitzer Strasse 68/70,
01307 Dresden, Germany

Medical Faculty, Carl Gustav Carus Technical University
Dresden, Dresden, Germany

Department of Medicine, Division of Hematology, University
of Washington, Seattle, WA, USA

Georg-Speyer-Haus Institute for Tumor Biology
and Experimental Therapy, Paul-Ehrlich-Stralie 42-44,
Frankfurt am Main 60596, Germany

German Cancer Consortium (DKTK) partner site
Frankfurt/Mainz, Frankfurt am Main, Germany

platelet lysate) were evaluated for their ability to support
expansion of NK-92/5.28.z. Irradiation sensitivity and
cytokine release were also investigated.

Results NK-92/5.28.z cells can be grown to clinically
applicable cell doses of 5 x 10 cells/L in a 5-day batch
culture without loss of viability and potency. X-Vivo 10 con-
taining recombinant transferrin supplemented with 5% FFP
and 500 IU/mL IL-2 in VueLife 750-C1 bags showed the
best results. Platelet lysate was less suited to support NK-
92/5.28.z proliferation. Irradiation with 10 Gy completely
abrogated NK-92/5.28.z proliferation and preserved viability
and potency for at least 24 h. NK-92/5.28.z showed higher
baseline cytokine release compared to NK-92, which was
significantly increased upon encountering ErbB2(+) tar-
gets [GZMB (twofold), IFN-y (fourfold), IL-8 (24-fold) and
IL-10 (fivefold)]. IL-6 was not released by NK cells, but was
observed in some stimulated targets. Irradiation resulted in
upregulation of IL-8 and downregulation of sFasL, while
other cytokines were not impacted.

Conclusion Our concept suggests NK-92/5.28.z mainte-
nance culture from which therapeutic doses up to 5 x 10°
cells can be expanded in 10 L within 5 days. This established
process is feasible to analyze NK-92/5.28.z in phase I/II trials.

Keywords Natural killer cells - NK-92 - CAR - HER2 -
Cancer immunotherapy - Glioblastoma

Abbreviations
APC Allophycocyanin
CRS Cytokine release syndrome

EGFRVIII Epidermal growth factor receptor variant III
EPCAM  Epithelial cell adhesion molecule

Eu Europium

FDA Food and Drug Administration

FFP Fresh frozen plasma
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GBM Glioblastoma

GD2 Disialoganglioside

GZMB Granzyme B

HI Heat inactivated

hPL Human platelet lysate

HSA Human serum albumin

IMP Investigational medicinal product
NCR Natural cytotoxicity receptors
r Recombinant

SCGM Stem cell growth medium

TF Transferrin

TRF Time-resolved fluorometry
Introduction

NK-92 is a well-known IL-2-dependent cell line that is cur-
rently being developed for clinical application in a variety
of different cancers. It is the only natural killer cell line
established hitherto, which entered clinical trials and was
shown to be safe even at high intravenous doses of up to 10'°
cells with some beneficial effect reported in melanoma and
lung cancer patients [1-3]. To further improve the efficacy
of NK-92 cells, they were engineered to express a variety of
chimeric antigen receptors (CARs) specific against tumor-
associated proteins [e.g., CD38, CD19, CD20, epithelial cell
adhesion molecule (EPCAM), disialoganglioside (GD2),
epidermal growth factor receptor variant III (EGFRVIII)
and ErbB2 (HER2)], which proved to render NK-92 cells
cytotoxic against otherwise resistant hematologic and solid
malignancies [4-8].

Considering that ErbB2 tumor-associated antigen is
an attractive therapeutic target overexpressed by a broad
spectrum of epithelial cancers [9], we recently focused on
generating a fully stable, GMP-compliant transduced CAR-
expressing NK-92 cell line. Following GMP-compliant pro-
cedures, parental NK-92 cells from an FDA-licensed master
cell bank were transduced with a lentiviral vector encoding a
humanized, second-generation CAR construct, comprising an
ErbB2-specific single chain variable fragment (scFv) derived
from the FRP5 monoclonal antibody, CD28, as a co-stimula-
tory molecule and the CD3-( signaling domain (5.28.z). The
generated NK-92/5.28.z cell line was obtained after exten-
sive screening of individual cell clones. The chosen clone
revealed two vector integration sites, one in an intergenic
region on chromosome 2, and one in the TRAF2 gene on
chromosome 9 and exhibited highly specific cytotoxicity
toward ErbB2-expressing tumor targets which were resist-
ant to parental NK-92 cells [10]. In vivo antitumor efficacy
was extensively tested in several established mouse models of
orthotopic human glioblastoma (GBM)), renal cell carcinoma
and breast carcinoma xenografts, showing specific homing
of NK-92/5.28.z cells to tumor sites, significant reduction

@ Springer

of metastases and, in some cases, complete tumor clearance
[10, 11]. To prepare for clinical evaluation in patients with
advanced ErbB2-positive cancers, a robust GMP-compliant
process yielding clinical doses up to 5 x 10° NK-92/5.28.z
cells had to be established. The concept of cellular therapy
product manufacturing presented here encompasses the
expansion of individual patient dose from a pre-established
and qualified master cell bank, comprising 200 ampules of
NK-92/5.28.z cells at a concentration of 2 X 107 cells/mL.

Since NK-92 cells, like primary NK cells, are affected
by cryopreservation and thawing, with loss of function res-
cued only after extended culture with IL-2 [12], it is neces-
sary to develop a process which will allow the expansion
of therapeutic doses in a timely manner without need of
long recovery after cryopreservation. Other issues are the
cell culture media and supplements used for expansion.
Parental NK-92 cells represent IL-2-dependent cells that
were previously reported to be cultured in X-Vivo 10 cell
culture medium supplemented with varying amounts of IL-2
(100-1000 /mL) [3, 13]. Commercially available serum-free
media usually contain high amounts of human serum albu-
min, which should make serum supplementation redundant
to comply with GMP standards. However, efficient expan-
sion of NK-92 cells so far was reported only in the presence
of serum/plasma [1, 12].

To enable clinical application of NK-92/5.28.z in patients
with ErbB2-overexpressing malignancies, the present study
aimed to establish GMP-compliant procedures for robust
generation of therapeutic doses. Since the clinical appli-
cation of NK-92/5.28.z cells will most probably include
y-irradiation to prevent in vivo expansion, different irradia-
tion doses were analyzed to find a dose which will inhibit
proliferation but retain cell potency. Since CAR-T cell thera-
pies were associated with cytokine release syndrome [14], it
was of importance to determine the profile of soluble factors
secreted by target-stimulated NK-92/5.28.z cells.

Methods
Cell lines and culture conditions

Human MDA-MB-453 and MDA-MB-468 (DSMZ) were
maintained in DMEM, high glucose containing Glu-
taMAX. NK-sensitive K562 cells were cultured in RPMI
1640 medium containing GlutaMAX. Both media were
supplemented with 10% of heat-inactivated (HI) FBS, 100
U/mL penicillin and 100 pg/mL streptomycin. For routine
maintenance, NK cells were cultured in X-Vivo 10 medium
containing recombinant transferrin (X-Vivo 10 rTF) (Lonza,
Basel, Switzerland) supplemented with 500 U/mL IL-2
(Novartis Pharma) and 5% of HI human plasma, unless oth-
erwise specified in the respective experiment.
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Culture media and media supplements for expansion
of NK-92/5.28.z

Cells were seeded at an initial concentration of 5 X 10*/mL
in triplicates in vented T75 cell culture flasks in respective
combination of media supplements. Cell number and viabil-
ity were measured using either Trypan blue exclusion assay
or NucleoCounter NC-100 (Chemometec) according to the
manufacturer’s protocol.

Clinical-scale expansion of NK-92/5.28.z

Clinical-scale expansion was conducted in gas-permeable
VueLife 750-C1 culture bags (CellGenix, Freiburg, Ger-
many) in a batch culture. NK-92/5.28.z cells were inocu-
lated into culture bags prefilled with 1 L of X-Vivo 10 rTF
supplemented with 5% HI human plasma and 500 U/mL of
IL-2 at a concentration of 5 x 10* cells/mL. After 5 days
of culturing, cells were harvested at a concentration of
5-6 x 10°/mL by centrifugation in 400-mL transfer bags
(Fenwal) and y-irradiated with 10 Gy. Cell concentration in
the final product was adjusted to 5 x 10”/mL in X-Vivo 10
r'TF supplemented with 100 U/mL of IL-2. Three independ-
ent final products were generated.

FACS-based cytotoxicity assay

Cytotoxicity of NK-92/5.28.z and parental NK-92 cells
against tumor targets was analyzed using FACS-based
killing assay where target cells labeled with calcein vio-
let AM (Molecular Probes, Invitrogen) were co-incubated
with effector cells at a 10:1 E/T ratio for 2 h at 37 °C. To
determine spontaneous lysis, target cells were incubated
in assay medium without effector cells. Afterwards, cells
were labeled with 7-AAD (BD Pharmingen) viability dye at
0.5 pg/test and anti-human CD56-APC (BD Biosciences) for
15 min on ice. Samples were measured with a FACSCanto
II flow cytometer and data were analyzed using FACSDiva
software version 6.1.3. The percentage of 7-AAD and cal-
cein violet AM double-positive cells measured in the test
tube was considered as sample lysis and used for calculation
of specific cytotoxicity according to the standard equation.

Europium TDA (EuTDA) cytotoxicity assay

Target cells loaded with acetoxymethyl ester of the flu-
orescence-enhancing ligand (BATDA) (Perkin Elmer)
were co-incubated in triplicates at 5000 cells per well
with effector cells at a 10:1 ratio. Supernatants were col-
lected after a 2-h co-incubation for measuring of fluores-
cent signal reflecting target cell lysis with time-resolved

fluorometry (TRF). Specific lysis was calculated according
to the standard formula.

Control of cell identity and chimeric antigen receptor
expression

Identity and CAR expression were monitored using two-
step staining. First, cells were incubated with rhErbB2/
Fc fusion protein (R&D Systems) for 30 min on ice and
then stained with goat anti-human IgG F(ab'),-APC (Jackson
ImmunoResearch) forming FACS-detectable complexes. To
confirm immunophenotype of the NK-92 cell line (CD16"#,
CD56"12) and estimate cell viability, additional staining
with anti-human CD56-PE, CD16-FITC (both BD Bio-
sciences) and 7-AAD was performed. Parental NK-92 cells
were included as a control.

PCR analysis of vector integration sites in single cell
clone NK-92/5.28.z

Based on the vector integration site, DNA sequences estab-
lished in the LAM-PCR analysis of a single cell clone NK-
92/5.28.z [10], forward (F) and reverse (R) oligonucleotide
primers, were designed for PCR amplification of the 5’ end
of the vector integration in the TRAF2 gene on chromosome
9 (reaction “TRAF2-CAR’; primers TRAF2-F1 hybridizing
to the TRAF2 sequence 5' of the integrated CAR vector
sequence and CAR-R1 hybridizing to the 5’ part of the inte-
grated CAR vector sequence; expected amplification prod-
uct: 587 bp) and the 3’ end of the vector integration in the
TRAF2 gene on chromosome 9 (reaction ‘CAR-TRAF2’;
primers CAR-F1 hybridizing to the 3’ part of the integrated
CAR vector sequence and TRAF2-R1 hybridizing to the
TRAF2 sequence 3’ of the integrated CAR vector sequence;
expected amplification product: 503 bp). Likewise, oligo-
nucleotide primers were designed for PCR amplification
of the 5’ end of the vector integration in the intergenic
region on chromosome 2 (reaction ‘IGCHR2-CAR’; prim-
ers IGCHR2-F1 hybridizing to the intergenic region 5’ of
the integrated CAR vector sequence on chromosome 2 and
CAR-R2 hybridizing to the 5’ part of the integrated CAR
vector sequence; expected amplification product: 679 bp)
and the 3’ end of the vector integration in the intergenic
region on chromosome 2 (reaction ‘CAR-IGCHR2'; prim-
ers CARF2 hybridizing to the 3’ part of the integrated CAR
vector sequence and IGCHR2-CAR-R1 hybridizing to a
sequence overlapping the 3’ end of the integrated CAR vec-
tor sequence and the adjacent intergenic region 3’ of the
integrated CAR vector sequence on chromosome 2; expected
amplification product: 376 bp).
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Flow cytometric analysis of natural cytotoxicity
receptors

Staining of NCR was performed in triplicates 24 h post-irra-
diation with four sets of samples using the following anti-
bodies: anti-CD56-APC, anti-CD16-FITC, anti-NKp44-PE,
7AAD (all obtained from BD Biosciences) anti-NKG2D-PE,
anti-NKp46-PE and anti-NKp30-PE (all from BioLegend).
Isotype control antibody was IgG1 k-PE (BD Biosciences).
Non-irradiated cells were included for comparison.

Gamma irradiation

Cells were exposed to various irradiation doses ranging
from O to 30 Gy using a cesium source with a dose rate
of 3.75 Gy/min (IBL 437C blood irradiator), washed and
seeded in fresh, complete culture medium.

Cytometric bead array

Release of soluble factors by NK-92/5.28.z and parental
NK-92 upon stimulation with target cells was analyzed using
FACS-based Cytometric Bead Array (BD Biosciences).
5 x 10 effector cells per sample were co-incubated with
tumor cells at a 10:1 E/T ratio for 2 h at 37 °C. Unstimu-
lated effector and target cells, as well as cells stimulated with
PMA (50 ng/mL)/Tonomycin (500 ng/mL), were included for
determination of basic and maximum release, respectively.
After incubation, the plate was centrifuged and 50 pL of
supernatant was collected from each well and further ana-
lyzed according to the manufacturer’s protocol. Data were
collected using a BD LSRFortessa flow cytometer and ana-
lyzed with FCAP Array software version 3.0.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software version 5.02. Results are presented as Mean + SEM
as indicated in the figure legends. Two-tailed unpaired Stu-
dent’s ¢ test was used to analyze the results. Statistical differ-
ences were considered significant when P < 0.05.

Results

GMP-compliant, serum-free cell culture media
and serum substitutes

The NK-92 cell line was adapted to GMP-grade X-Vivo 10
culture medium to make it suitable for clinical application
[1]. Due to its high human serum albumin content, X-Vivo
10 medium is intended to promote cell growth without the
need for further human plasma substitution. Nevertheless,
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NK-92 cells cultured in X-Vivo 10 still require human
plasma supplementation for efficient cell expansion. There-
fore, commercially available GMP-grade cell culture media,
2 variants of X-Vivo 10 and CellGro, were compared with
regard to their ability to promote growth of NK-92/5.28.z
cells as a plasma-free and plasma-supplemented formula-
tion. The first assessment was made between X-Vivo 10
containing human holo-transferrin and X-Vivo 10 contain-
ing recombinant transferrin (X-Vivo 10 rTF). Both media
were supplemented with 500 U/mL of IL-2 and 5% of heat-
inactivated human plasma. Although a difference in cell
proliferation was not detected until day 6, the presence of
recombinant transferrin seemed to improve cell growth in
long-term culture. The most pronounced difference was
observed at day 7 with fold expansion of 20.73 + 0.33 and
15 + 0.6 for X-Vivo 10 rTF and X-Vivo 10 containing human
holo-transferrin, respectively (Supplementary Fig. 1). Sub-
sequently, X-Vivo 10 rTF was compared with CellGro
(SCGM) giving equivalent results in terms of supporting
cell proliferation as plasma-supplemented composition.
However, CellGro was not able to promote cell expansion
in plasma-free conditions (max. conc./mL in batch culture
1.52x 10° + 0.1 x 105), whereas X-Vivo 10 rTF maintained
gradual cell growth (max. conc./mL in batch culture 2.65 x
10° + 0.09 x 10°) (Fig. 1a), thus facilitating acclimation to
plasma-free culture conditions.

To eliminate undefined, donor-derived supplements,
NK-92/5.28.z cells were subjected to the 32-day process of
acclimation to serum/plasma-free conditions. An applied
feeding regimen enabled maintenance of cell viability >80%
during the whole acclimation course and maximum con-
centration in batch culture of 10.2 x 10° + 0.85 x 103 cells/
mL (Mean + SEM) at day 30 (Fig. 1b). At the end of the
acclimation procedure, the quality of the cells was evaluated
with the following results for tested parameters: CAR expres-
sion >99%, identity (CD56+ CD16—) > 99% and specific
cytotoxicity against ErbB2(+) targets with the Mean value of
94.4%. NK-92/5.28.z cells cultured in plasma-supplemented
medium were included for comparison (Fig. 1c left panel).
Established plasma-free culture was further maintained and
analyzed providing favorable results in terms of cell pro-
liferation when compared to non-acclimated control cells
cultured in plasma-free medium with a doubling time of
4737h +2.75hand 83.11 h + 3.08 h (P < 0.001), respec-
tively. CAR expression and phenotype of NK-92/5.28.z were
further investigated and remained stable over the 28-week
analysis period with values >99% (Fig. 1c right panel). How-
ever, plasma-free culture might not be efficient in a clinical
setting providing significantly longer cell doubling time when
compared to plasma-supplemented culture (47.37 + 2.75 h
and 28.84 + 0.5 h, respectively) (Supplementary Table 1).
Promising data on expansion of other cell types cultured in
media supplemented with platelet lysate encouraged us to test
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Fig. 1 Impact of culture medium supplements on proliferation and
functionality of NK-92/5.28.z. a Cells were seeded in either X-Vivo 10
I'TF or CellGro medium, both supplemented with 500 U/mL of IL-2 in
the absence (w/o human plasma) or presence of 5% HI human plasma
(complete). b Cells were seeded at an initial concentration of 5 X 10%
mL in X-Vivo 10 rTF supplemented with 500 U/mL of IL-2 without
addition of plasma/serum. Every second day, half the culture super-
natant was removed and culture was replenished with fresh, plasma-
free medium. Subsequently, cells were re-suspended and cell number
and viability were determined. Cells were kept in batch culture for

32 days until reaching confluency defined as 1 x 10%mL. ¢ At the
end of the batch culture, identity (CD56" CD167), CAR expression
(TAAD™CAR™") and specific cytotoxicity against ErbB2(+) targets
(MDA-MB-453) were tested and compared with the results obtained
with cells cultured in plasma-supplemented medium (with plasma)
(left panel). CAR expression and identity were further tested up to
28 weeks (right panel). d Comparison of functionality (left panel) and
proliferation (right panel) of NK-92/5.28.z cells cultured in human
plasma or hPL supplemented medium. Experiments were performed
in triplicates. Data are presented as Mean + SEM, *P < 0.05
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the proliferation of NK-92/5.28.z in a similar setting. Plate-
let lysate from two companies in comparison with human
plasma was assessed for its ability to promote cell expansion
and cytotoxicity. There was no advantageous influence of cul-
tivation in medium supplemented with 5% of human platelet
lysate (hPL) in terms of cell functionality (Fig. 1d left panel);
what is more, cells cultured in medium supplemented with 5%
of human plasma proliferated significantly better (P < 0.05)
when compared to hPL2 with fold expansion of 23.87 + 0.22
and 17.37 + 0.67, respectively, at day 9 (Fig. 1d right panel).

IL-2 supplementation
Since the growth and functionality of NK-92 cells is IL-2

dependent, we aimed to optimize the concentration of this
cytokine for ex vivo cell expansion. Cell proliferation of
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=
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Fig. 2 Impact of IL-2 concentration on proliferation and function-
ality of NK-92 and NK-92/5.28.z. a Proliferation of parental (NK-
92 WT) and genetically modified NK-92 cells (NK-92/5.28.z) in
X-Vivo 10 rTF supplemented with 5% of human plasma and vari-
ous concentrations of IL-2 up to 10 days. b Natural killing of NK-92
(white bars), NK-92/5.28.z (light grey bars) and retargeted killing of
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NK-92 and NK-92/5.28.z cells was tested in five different
concentrations of IL-2 ranging from 0 to 1000 U/mL, indi-
cating 500 U/mL as an optimum. Doubling of this concentra-
tion did not promote further cell expansion (Fig. 2a). CAR-
mediated specific cytotoxicity was not strictly dependent on
IL-2 concentration in culture media. All three concentrations
tested (50, 100, 500 U/mL) resulted in specific cytotoxic-
ity of NK-92/5.28.z against ErbB2-positive targets of more
than 90%. As expected, increasing levels of IL-2 supported
natural killing tested against K562 cells, of both genetically
modified and parental NK-92 cells (Fig. 2b). Furthermore,
stability of cell potency in IL-2-free culture was tested up
to 72 h. An instantaneous, significant decrease in natural
killing of both NK-92 and NK-92/5.28.z was observed. Con-
versely, re-targeted killing of NK-92/5.28.z toward ErbB2-
positive targets was decreasing gradually with cytotoxicity
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NK-92/5.28.z (dark grey bars) cultured for 5 days in X-Vivo 10 rTF
supplemented with 5% of human plasma and 50, 100, 500 U/mL of
IL-2. ¢ Stability of natural killing of NK-92 (white symbol), NK-
92/5.28.z (light grey symbol) and retargeted killing of NK-92/5.28.z
(dark grey symbol) in IL-2-free culture was tested up to 72 h
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values of more than 50% up to 48 h (67.77% + 3.16% at
24 h; 59.02% + 5.16% at 48 h) and 45.50% + 5.99% after
72 h (Fig. 2c).

Impact of gamma irradiation on proliferation
and potency of NK-92/5.28.z

In all clinical trials performed hitherto, NK-92 cells were
subjected to y-irradiation exposure to prevent permanent
engraftment in patients. In this study, we analyzed prolif-
eration and viability of NK-92/5.28.z following y-irradiation
with 5 doses (range: from 0 Gy to 30 Gy) every 24 h up to
5 days. Figure 3a shows that 30 Gy, 10 Gy and 5 Gy, but
not 2 Gy, caused the complete inhibition of cell prolifera-
tion when compared to the non-irradiated control, which
resulted in a significant decline in viability first observed
72 h post-irradiation with 30 Gy with viability values of
43.59 + 3.96% versus 99.86 + 0.14% for non-irradiated
cells. Treatment with 2 Gy significantly retarded cell growth
but did not affect cell viability, which exceeded 90% over the
entire analysis period. To determine the lowest irradiation
dose efficiently inhibiting cell proliferation, we investigated
long-term effect of exposure to various irradiation doses on
cell growth. Our data show that irradiation doses ranging
from 1 to 4 Gy were not able to inhibit cell proliferation.
Cells irradiated with 5 Gy showed significant inhibition
of cell growth up to 3 weeks post-exposure; however, fur-
ther cultivation led to outgrowth of the cells first observed
4 weeks post-irradiation. Doses of 7.5 Gy and 10 Gy caused
complete inhibition of cell proliferation, where after 5 weeks
no viable cells were detected (Fig. 3b).

We investigated differences in the secretion of soluble
factors between non-irradiated and irradiated NK-92/5.28.z
upon stimulation with three cell lines routinely used as tar-
gets in our experiments. Granzyme B (GZMB), IFN-y, IL-10
and MIP-1a were produced at similar levels by irradiated and
non-irradiated NK-92/5.28.z cells, while secretion of IL-6
and TNF by effector cells was not detected. We observed a
significant drop in sFasL production upon stimulation with
MDA-MB-453 following irradiation with 30 Gy (385.02 pg/
mL + 4.04 pg/mL to 202.69 pg/mL + 9.95 pg/mL) and sig-
nificant increase in IL-8 secretion following irradiation with
10 Gy (479.38 + 112.77 pg/mL to 1433.01 + 135.12 pg/mL)
but not with 30 Gy, when compared to the non-irradiated
control (Fig. 4). FACS-based phenotype analysis performed
24 h post-irradiation showed slight upregulation of NKG2D
(MFI: 0 Gy 1123 + 12.9 vs. 10 Gy 1315.33 + 18.7), NKp30
(MFI: 0 Gy 3588.33 +97.43, 10 Gy 3628.67 + 15.72) and
NKp44 (MFI: 0 Gy 384 + 7, 10 Gy 573.33 + 3.84) and
downregulation of NKp46 (MFI: 0 Gy 511.67 + 7.88, 10 Gy
474.67 £ 5.24) and CAR (MFI: 0 Gy 44841.33 4+ 997.45,
10 Gy 27815.33 + 1304.98) (Fig. 3c). Simultaneously per-
formed functionality assays showed that observed changes

did not attenuate the specific cytotoxicity against ErbB2(+)
targets (0 Gy: 83.64% + 0.39%, 10 Gy: 87.17% + 1.07%;
Mean + SEM) (data not shown).

To analyze the shelf-life of a patient dose, we tested
viability and potency of irradiated (10 Gy) NK-92/5.28.z
in high-density cell suspensions stored under ambi-
ent conditions. Our data demonstrate high stability of
the irradiated cells with a viability of >90% for 24 h and
specific cytotoxicity against ErbB2(+) targets of >50%
up to 18 h for all three tested concentrations (2 X 107/
mL; 4 x 10”/mL; 6 X 107/mL). However, cytotoxicity of
NK-92/5.28.z at the density of 6 x 107/mL after 18 h was
significantly lower (51.48% =+ 1.5%) when compared to

4 x 107/mL (67.01% =+ 1.89%, P < 0.0001) and 2 x 107/
mL (75.36% + 2.44%, P < 0.0001) (Fig. 3d), implying cell
concentration rather than irradiation as a factor potentially
limiting the stability of patient doses.

Taken together, the above results suggest that 10 Gy is an
optimum irradiation dose for NK-92/5.28.z, inhibiting cell
proliferation with satisfactory viability and functionality and

a convenient safety margin for clinical application.
Generation of patient dose of NK-92/5.28.z

To avoid the post-thaw recovery phase, the investigational
medicinal product (IMP) will be expanded on demand
from large-scale maintenance culture with the lifespan of
3 months (Fig. 5a) during which time the cells preserve
their phenotypic and functional features. We showed that
CAR expression is stable over time and we did not observe a
loss of any of the two integrated transgenes (Supplementary
Fig. 2). To prove the feasibility of an established clinical-
scale expansion protocol, three independent validation runs
of patient dose generation were performed under class A
conditions with subsequent testing of final product. NK-
92/5.28.z cells showed stable and reproducible growth in
VueLife 750-C1 culture bags with the average doubling
time of 32.76 + 0.32 h over a 5-day culturing period for
three independent batches. All three generated patient doses
fulfilled pre-defined specification in terms of cell viability
(specification >80%; result: 92.16 + 0.74%; Mean + SEM;
n = 3), CAR expression (specification >95%; result:
97.67 £ 0.4%; Mean + SEM; n = 3) and specific cytotoxicity
(specification >50%; result: 83.43 + 2.48%; Mean + SEM;
n = 3) post-preparation (Fig. 5b). The generated cellular
products were negative for culturable microbes (BacT/Alert)
and free of mycoplasma and endotoxin.

Analysis of soluble factors secreted by stimulated
NK-92/5.28.z

The profile of soluble factors, including effector molecules,
secreted upon short-term stimulation was determined to test
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«Fig. 3 Radiation sensitivity of NK-92/5.28.z. a Cell concentration
(left panel) and viability (right panel) of NK-92/5.28.z cells exposed
to y-irradiation were measured every 24 h up to 5 days. b Long-term
analysis of NK-92/5.28.z cell proliferation exposed to y-irradiation.
¢ Receptor expression on irradiated (solid lines) and non-irradiated
NK-92/5.28.z cells (dotted lines) 24 h post-exposure. Grey histograms
represent isotype matched controls or, in the case of CAR analysis,
parental NK-92 cells. d Viability (left panel) and specific cytotoxicity
(right panel) of NK-92/5.28.z cells in high-density suspensions were
analyzed at the indicated time points over storage under ambient con-
ditions in X-Vivo 10 supplemented with 100 U/mL of IL-2 following
y-irradiation with 10 Gy

cell potency as well as to predict potential (systemic) side
effects of the cell therapy. Release of GZMB, IFN-y, sFasL,
TNF, IL-2, IL-6, IL-8, IL-10, G-CSF and GM-CSF by
parental NK-92 and NK-92/5.28.z was measured. Adequate
controls of unstimulated and PMA/Ionomycin stimulated
effector cells, as well as PMA/Ionomycin stimulated target
cells, were included (Supplementary Table 2). Secretion
of GZMB, IFN-y, sFasL, IL-8 and IL-10 by NK-92/5.28.z
was distinctly higher compared to parental cells, not only
when stimulated with K562 but also in unstimulated con-
trols; however, in the case of sFasL the differences did not
reach the statistical significance (P = 0.1692 and P = 0.2110
for unstimulated and K562 stimulated cells, respectively).
We observed a specific and significant increase in GZMB
(twofold; P < 0.05), IFN-y (fourfold; P < 0.001), IL-8 (24-
fold; P < 0.01) and IL-10 (fivefold; P < 0.01) production by
NK-92/5.28.z co-cultured with ErbB2-overexpressing targets
(MDA-MB-453) when compared to baseline secretion, not
observed in the case of parental NK-92 (Fig. 6). TNF was
detected only in the PMA/Ionomycin stimulated control,
whereas secretion of IL-6, GM-CSF, G-CSF and IL-2 by
effector cells was below detection limit (data not shown).

Discussion

To meet the requirements of cell expansion for clinical
use, culture conditions have to be well-defined to enable
manufacturing of cellular product in a reproducible way.
We assessed three GMP-grade culture media for their abil-
ity to support cell proliferation in plasma-free and plasma-
supplemented cultures. X-Vivo 10 containing recombinant
transferrin became our standard for cultivation of parental
and re-targeted NK-92 cells, even as a plasma-free formula-
tion, maintaining cell growth, phenotype and functionality
at satisfactory levels. However, the comparison of doubling
times of the cells cultivated in plasma-free and plasma-sup-
plemented conditions stresses the need of human plasma
usage for reaching the required cell numbers in a time-
effective manner. Transferrin is a universal factor promot-
ing the cell growth by providing the optimal iron delivery
which is particularly important for DNA synthesis and thus,

cell proliferation [15]. All culture media tested in this study
contain transferrin; however, the protein differs in source
(human-derived transferrin versus recombinant transferrin)
and form (apo-transferrin versus holo-transferrin) which
might be the reason for differences in cell proliferation.
Our data demonstrate that X-Vivo 10 containing recombi-
nant transferrin derived from Oryza sativa L. was the most
efficient in promoting cell proliferation (when compared to
X-Vivo 10 containing human holo-transferrin) and enabling
the acclimation to serum-free culture which was not the case
for CellGro medium. In addition rTF is a safe alternative to
human-derived protein [16].

NK-92/5.28.z, same as the parental cell line, is dependent
on exogenous IL-2 for cell survival and potency. Although
other cytokines such as IL-7, IL-12 and IL-18 were tested
as alternatives, only IL-2 was able to efficiently maintain
long-term growth and functionality of NK-92 cells [17, 18].
In a systematic analysis, we found 500U/mL as an optimum
concentration of IL-2 efficiently supporting cell proliferation
and cytotoxicity in a batch culture.

Due to the immortalized nature of NK-92/5.28.z [17],
additional safety measures are undertaken to prevent poten-
tial permanent engraftment in the patient. In previous clini-
cal trials employing parental NK-92 cells treated with 10 Gy
of y-irradiation, lack of evidence of prolonged persistence
was reported. Therefore, we investigated the radiation sen-
sitivity of NK-92/5.28.z and confirmed irradiation dose of
10 Gy to prevent proliferation (Fig. 3a) of NK-92/5.28.z, as
shown also in the late outgrowth experiment (Fig. 3b). The
potency of the cells irradiated with 10 Gy was shown to be
preserved for 24 h in terms of shelf-life of a final product
at high cell densities (up to 5 x 107/mL). It will allow high
clinical doses of up to 1.5 x 10'° in a typical transfusion
volume of 300 mL. It was shown that under these conditions
the cell density has an impact on viability and cytotoxicity.
These results, however, do not reflect the overall cytotoxicity
of NK-92/5.28.z cells after irradiation, which, as shown for
parental cells [13], may exceed 72 h and was not analyzed
here.

Additionally, we tested the release of soluble factors
by effector cells as a stress response to y-irradiation. As
described for the other cell types we expected elevated levels
of IL-8 and IL-6 after exposure [19]. However, we observed
a significant increase only in IL-8 production, whereas
release of IL-6 was not induced upon irradiation.

Formulation of the cellular product depends on the clini-
cal application, where local injection into the vital body
organs seems the most challenging. A good example of
such an approach is an imminent clinical trial employing
NK-92/5.28.z cells for the treatment of patients with ErbB2-
overexpressing GBM, where intracranial injection of cell
suspension will be performed into a resection cavity. This
route of administration is associated with few limitations,
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Fig. 4 Influence of irradiation dose on soluble factors released by
stimulated NK-92/5.28.z. NK-92/5.28.z were irradiated with 10 Gy
(grey bars) and 30 Gy (black bars) and co-cultured with target cells
at an E/T ratio of 10:1. NK-92/5.28.z cells cultured in absence of tar-
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GMP-grade Master cell bank of NK-92/5.28.z cells

Master Cell Bank: ZRX-scFV-anti-ErbB2#78
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Fig. 5 Expansion and testing of individual patient dose of NK-
92/5.28.z. a According to the established manufacturing process,
cryopreserved cells of the ZRX-scFV-anti-ErbB2#78 Master Cell
Bank are thawed and continuously cultured for up to 3 months (main-
tenance culture). Based on an individual prescription of the clinical
trial center, NK-92/5.28.z cells are expanded in a VueLife 750-C1
bag until a defined cell density is reached. Cells are harvested, irra-
diated (10 Gy), washed and transferred in the final bag (CryoMACS
50). Release criteria are checked at this point. NK-92/5.28.z cells are
characterized for identity/purity by flow cytometry for the expres-
sion of the surface markers CD56+, CD16— and the transgene CAR

where restricted injection volume and high cell density in a
final product are the main issues. In this study, maximum,
stable cell density in patient dose (5 x 107 cells/mL) has

(>95%), viability (>80%), potency (cytolytic activity against an
ErbB2(+) target) (>50%), as well as on the presence of replication-
competent lentiviral gene transfer vector. Microbial contamination is
analyzed using the BacT/Alert system and the IMP will also be tested
for the presence of endotoxins (LAL test) and mycoplasma (PCR). b
Three independent batches of NK-92/5.28.z cells were expanded in
VueLife 750-C1 culture bags prefilled with 1L of culture medium
(left panel). After 5 days, cells were harvested, irradiated with 10 Gy
and concentrated to desired density. Final products were tested in
terms of viability, CAR expression and specific cytotoxicity (right
panel)

been established. Performed experiments showed that too
high of a concentration of cells may limit efficacy of NK-92
cells. Moreover, prolonged storage in a closed system leads
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«Fig. 6 Influence of second-generation ErbB2-CAR expression on the
release of soluble factors by stimulated NK-92 cells. NK-92 (white
bars) or NK-92/5.28.z (grey bars) at a concentration of 5 x 10° cells/
mL were incubated for 2 h with ErbB2(+) MDA-MB-453, ErbB2(—)
MDA-MB-468 or K562 cells at an 10:1 E/T ratio. Effector cells incu-
bated without target cells (unstimulated), as well as stimulated with
PMA/Ionomycin, served as a negative and positive control, respec-
tively. Concentrations of GZMB, IFN-y, sFasL, IL-8 and IL-10 were
measured in test supernatants. TNF was detected only in the positive
control, whereas secretion of IL-2, IL-6, G-CSF and GM-CSF by
effector cells was not found (data not shown). Mean values + SEM
are shown; n = 3—4. *P < 0.05, **P < 0.01, ***P < 0.001

to nutrient and cytokine exhaustion and accumulation of
metabolic products which may additionally impair cell qual-
ity. We addressed the issues of reproducible and efficient
cell expansion, optimum irradiation dose and maximum
cell concentration in the final product, which resulted in the
establishment of a clinical grade manufacturing procedure
enabling us to obtain sufficient numbers of functional cells
forming stable patient dose. Successful generation of three
independent cellular therapy products of NK-92/5.28.z cells
proved the relevance of established conditions.

Cytokine release syndrome (CRS) is the most common
and severe complication observed in patients subjected to
immune-based therapies, e.g., CAR-engineered T cells or
therapeutic antibodies. In most cases, CRS is fully revers-
ible and manageable with combination of supportive care
and IL-6 receptor-blocking antibody, tocilizumab, indicating
IL-6 as a major player at least in the early, acute phase of the
syndrome. Moreover, IL-6 and TNF-a were the first inflam-
matory cytokines highly elevated in the serum of pediatric
ALL patients suffering from grade 3 CRS after CD19-CAR
T cell infusion [20, 21]. In our experiments, IL-6 and TNF
were not produced by target-stimulated effector cells sug-
gesting the superiority of engineered NK cells over T cells
in this pivotal safety aspect. On the other hand, intensified
secretion of pro-inflammatory cytokines (IFN-y, MIP-1a) by
NK-92/5.28.z cells shown in our experiments may contrib-
ute to enhancement of endogenous antitumor immunity by
stimulation of the host immune system as recently explored
by Zhang et al. in mouse models of GMB [11].

In this study, we successfully established a GMP-compli-
ant procedure enabling production of therapeutic doses of
NK-92/5.28.z. We also discussed crucial issues concerning
safety and efficacy in the context of imminent clinical tri-
als. In summary, we showed that NK-92/5.28.z. cells retain
main features of the parental line (phenotype, doubling time,
the same optimum culture and cryopreservation conditions),
while exhibiting superior, selective potency against ErbB2-
positive targets normally resistant to NK-cell cytotoxicity.
Results presented in this study describe a robust process to
expand therapeutic doses of CAR-expressing NK-92 cells
from a master cell bank under GMP-compliant conditions
with no need for further GMP-processing at the clinical site.

At very high densities, the current protocol is limited to a
shelf-life of 24 h, which should allow the providing of cell
products for immediate use in the clinics that can be reached
over night. Our data also indicate that it may be feasible to
further prolong the shelf-life under optimized conditions,
which should include stabilizing transfusion solutions pro-
viding the necessary nutrients.
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